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TWO-COMMUTATOR ROTARY AMPLIFIER * 
I.N. CHUPIATOV and V.F. BAIKO 


Obraztsov Institute of Railway Transport 
Engineers, Leningrad 


(Received 4 March 1957) 


Rotary amplifiers are used in various cases of electro-drive in order to improve the 
quality of regulation. 


At present there are a few types of rotary amplifiers differing in their mode of 
operation and in their working characteristics. Of these, rotary amplifiers with a 
cross - field are most frequently used in industry and transport. Nevertheless, in 
certain cases, these amplifiers do not satisfy requirements and cannot be used in 
automatic control systems. 


Therefore, the study of the properties of other amplifier systems is of con- 
siderable interest. 


In the present article, we consider the mode of operation and the fundamental 
working characteristics of a two-commutator rotary amplifier which in foreign 
literature is called “magnavolt”. The two-commutator rotary amplifier of this type 
has not yet found application in our national automatic control systems. Its physico- 
technical and working characteristics are not elucidated in our technical and scien- 
tific literature. 


Mode of operation of the amplifier 


The two-commutator rotary amplifier differs essentially in principle from amp- 
lifiers with an axial field and from those with cross-field as well. 


The rotary amplifier in question has, like any ordinary d.c. machine, a yoke on 
which are fixed main poles and interpoles. But the armature of this amplifier, un- 
like those of ordinary machines, has two windings, calculated for different numbers 
of poles. The armature windings are connected to separate commutators, thus they 
form two independent electrical circuits. In the slots of the armature, the windings 
are placed in four layers, since every winding has two layers. The characteristic 
property of the amplifier is its method of excitation. The magnetic circuit of the 
amplifier consists of the superimposed magnetic circuits of two machines, designed 
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or different numbers of poles, the ratio of the number of poles of the two combined 
machines being always equal to two. 


The windings of the armature are calculated according to the number of poles 
of the combined machines. 


We consider the principle of action of an amplifier with the number of poles of 
the combined magnetic circuit equal to 2p = 2 and 2p = 4, respectively. On the yoke 
of such an amplifier, there are four cores of the main poles, on which two excita- 
tion windings are placed, forming a two-pole and a four-pole magnetic circuit. 


The winding producing a two-pole m.m.f. (two-pole magnetization) is placed on 
all four cores of the yoke poles and is fed from an independent source. The current 
in this excitation winding produces the polarity of the poles according to the se- 
quence N-N-S-S., i.e. a two-pole magnetic system is formed. This excitation wind- 
ing is called a control winding of the amplifier. There may be two or more such 
windings on the cores of the stator, according to the use of the amplifier and ac- 
cording to the ‘requirements of the system in which it works. 


The second excitation winding is placed on the same four cores and is fed 
from the two-pole armature winding. This excitation winding produces a four-pole 
m.m.f. (four-pole magnetization) with the polarity sequence N-S-N-S. 


Four-pole armature winding of the amplifier ensures the required voltage at 
the output, Upyt, and is designed in accordance with the load parameters. 


The electric circuit of the amplifier may be represented by the equivalent cir- 
cuit of two machines (Fig. 1). The first, a two-pole machine, is separately excited 
and ensures the amplification of the first stage. The four-pole excitation winding 
acts as a load for the first machine and ensures the second stage of amplification. 
Thus, the amplifier in question is a two-stage amplifier. The total amplification 
factor of the amplifier is equal to the product of the amplification factors of its 
two stages. 


FIG. 1. The equivalent circuit of a two-stage amplifier. 


Besides the above-mentioned windings, the amplifier may also have two or 


four-pole windings for self-excitation. The presence of this winding increases the 
total amplification factor. 


The complete diagram of the electric and magnetic circuit of a two-commutator 
rotary amplifier is shown in Fig. 2. 
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For a better understanding of the principle of a two-stage amplifier and its 
properties, it is necessary to consider the mutual influence of a two-pole and four- 
pole m.m.f., acting in a single magnetic circuit. 


A four-pole excitation system has no influence on the e.m.f. of the two-pole 
armature winding, since the sides of the sections of this winding are situated by 
poles of the same polarity. 


The two-pole m.m.f. produces a distortion in the distribution of the four-pole 
m.m.f. The degree of distortion depends on the magnitude of the two-pole m.m.f. 
and on the degree of saturation of the magnetic circuit of the amplifier. Since, in a 
two-stage amplifier, the m.m.f. of the control winding (two-pole m.m.f.) is usually 
very small in comparison with the four-pole m.m.f., its influence is insignificant. 


But even insignificant distortion 
of the four-pole m.m.f. under the in- 
fluence of two-pole excitation 
necessitates the use of the wave- 
winding of the armature for a four- 
pole system, and this excludes the 
formation of equalizing currents. 


In the case of saturation of the 
magnetic circuit of the machine, the 
influence of the two-pole magnetic 
system on the e.m.f. of the four-pole 
armature winding is practically re- 
moved. 


Commutation 


FIG. 2. Electric and magnetic networks of a 
two-stage amplifier. The presence of two commutators 


in a two-stage amplifier should be 


considered as a disadvantage in comparison with other types of rotary amplifiers. 
Nevertheless, the conditions of current commutation of the armature windings of 

the amplifier may be quite satisfactory. The current commutation of the two-pole 

armature winding is practically independent of the load, and usually does not re- 
quire the addition of interpoles in a two-pole magnetic system. 


Since the power of the two-pole armature winding is comparatively small, 
“commutation by resistance” is quite satisfactory. For a four-pole armature wind- 
ing only two interpoles can be provided, just as for an ordinary four-pole small- 
power machine. In this machine two interpoles of the four-pole magnetic system are 
placed on the line n - n’ (Fig. 3), perpendicular to the two-pole magnetic neutral 
axis m- m”’. If an interpole mechanism is required in the two-pole magnetic system, 
then these two poles are established on the two-pole magnetic neutral m - m’. 


In this case the excitation of the interpoles along the axis m - m’ should be 
from a common source; i.e., their excitation windings should be fed by the current 
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of the four-pole armature winding. 


4 
: i A The calculation of the m.m.f. of the amplifier 
YS a interpoles does not differ from analogous calcula- 
tions of the ordinary d.c. machines. It is necessary 
fam | 5 M to point out that the presence in a two-stage amp- 


lifier of a separate armature winding for each amp- 


GC Pe] : lification stage simplifies the commutation prob- 
m n 


lem, since there is the possibility of the choice of 
the voltage of the two-pole armature winding, and 


FIG. 3. Magnetic network of consequently of the winding parameters. 
a two-stage amplifier with 
interpoles. 


The three - stage amplifier 


The two-commutator rotary amplifier may be made as a three-stage amplifier, 
as diagramatically shown in Fig. 4. 


FIG, 4. The equivalent circuit of a three-stage amplifier. 


The three-stage amplifier differs in construction from the two-stage machine 
in that an additional pair of brushes, b - b,, is fixed on the commutator of the two- 
pole armature winding, these brushes being placed perpendicular to the line of the 
brushes 4 - A,. Brushes A - A, are placed, as stated above, on the two-pole mag- 
netic neutral axis (m.n.a.). Brushes A - A, are short-circuited. Two windings are 
connected to the brushes b - 6,, the winding of the four-pole excitation system F, 
and the compensation winding F'¢, which is fixed onthe same cores as the control 
winding Fo. The role of the four-pole excitation winding F, of the amplifier has al- 
ready been discussed; the action of the compensation winding is to compensate for 
the armature reaction, occuring along the longitudinal axis of the two-pole system. 
From the circuit of a three-stage amplifier, shown in Fig. 4, it is clear that the 
properties of a two-stage amplifier with a cross-field are used for the first two 
stages of amplification. The flux of the control winding Fo, produced by the current 
I,, induces an e.m.f. in the two-pole armature winding, which induces a current /, 
in the network of the short-circuited brushes A - A,. The current of the two-pole 
armature winding induces a flux in the direction of the cross-axis of the two-pole 
magnetic system, which in its turn induces an e.m.f. in the same armature winding. 


Two-commutator rotary amplifier 5 


Hence, a current /; is produced in the network of brushes 6 - b,. The current /; in- 
duces m.m.f. F, which determines the output voltage Upyt and the load current /¢. 
The total power amplification factor of a three-stage amplifier is: 
re Vout: Te 
eis (FESS Fe 


In a three-stage amplifier, the addition of two brushes on the commutator, and of the 


K 


compensation winding F¢ on the poles, does not increase the size of the machine in 
comparison with a two-stage amplifier. This also permits a considerable increase of 
the power amplification factor. 


The work of a two-stage two-commutator rotary amplifier in transient conditions 


The analysis of transient conditions in a two-stage amplifier of the type in 
question is carried out, certain assumptions being made. These are usually accepted 
for the analysis of transient conditions in multi-stage amplifiers. 


The initial equations for a two-stage amplifier, when a constant voltage Ujnis 
applied to one of its control windings, are: 
(a) equations for the balance of e.m.f.’s: 


Vin = hr) + Wp; 
CD, =F oly + Wop; 
out CotPy; 


(b) conditions for the balance of m.m.f.’s: 


a,®, = £,W,; 
a,®, =15Wo, 


where i, — the current in the control winding, i, — the current in the four-pole field 
winding, w, and w, — the number of turns in the two- and four-pole field windings, 

r, and r, — resistances of the two- and four-pole field windings; c, and c, — con- 
stants of the amplifier, a, and a, — factors of proportionality between m.m.f. and the 
magnetic flux, ®, and ®, — two- and four-pole magnetic fluxes, Foyt — e.m.f. at the 
output of the amplifier. 


The solution of this equation gives: 


ky hk, 
Fout (p) = Vin cient) Gato). 
where k, = eae — amplification factor of the first stage; 
k= == - amplification factor of the second stage; 
T, = _“i_ _ time constant of the two-stage field network; 
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w . 
T, = —2. — time constant of the four-pole field network. 
ore 


Thus, a two-stage amplifier behaves as an inertial amplifying link of the second 
order and is characterized by the equation analogous to the equation of a rotary 
cross-field amplifier with a full compensation of the axial armature reaction. 


Tests of an experimental model of an amplifier 


For the experimental investigation of fundamental working chacteristics of a 
two-stage amplifier a special experimental model of such an amplifier was made in 
the electric machines laboratory of the Leningrad Institute of Railway Transport 


Engineers. 


The amplifier has the following nominal chacteristic: P= 2kW; U= 50 V; 
current / = 40 A; n = 2850 r.p.m. The amplifier was made on the base of a PN-17.5 - 
d.c. machine. On the armature, on its two sides, are fixed two commutators, one of 
which is connected to the two-pole and the other to the four-pole winding. The fun- 
damental data of the amplifier are given in the appendix. 


The static and dynamic characteristics were recorded during the test. 


Fig. 5 shows the characteristics of the no-load running of the first stage (curve 
1), and of the second stage (curve 2). From these characteristics, the saturation of 
the magnetic system of the amplifier and its zone of insensitivity can be deduced. 


In Fig. 6 a characteristic of the amplifier on load is shown, recorded at a con- 
stant resistance of the load Rj=1.6{. From these characteristics the dependence of the 
poweraamplification factor on Rout is obtained (Fig.7). Itis necessary to point out that 
the power amplification factor of this experimental model of a two stage amplifier is com- 
paratively small, owing to defects in the manufacture of the experimental model. 

Preliminary tests of a three-stage amplifier 
have shown that its power amplification factor, 
in comparison with a two-stage amplifier, is in- 
creased considerably more than 20 times. 


The dynamic characteristics were deter- 
mined by measuring the rate of increase of the 
voltage at the output of the amplifier, after 
conne cting one of its control windings to a 
source of constant volta ge. 


Fig. 8 shows the oscillograms of the volt- 
age variation at the output of the amplifier, in 
no-load conditions, and during its work on load. 
Control power was equal to 2 W. The rate of 
voltage-increase per second was more than five 
times the nominal value of the voltage. This 
figure is quite permissible for many systems of 


FIG.5. Characteristics of no-load running automatic control, in which similar amplifiers 
of the first (1) and second (2) stages of can be used. 
the test-model of the amplifier. 
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FIG. 7. Power amplifica- 


FIG. 6. The load characteristics tionsfactoncKvasaa tine. 
of the test-model of the amplifier iontcol she hparee ee 
taken at a -constant resistance SutpuLs of. the Gani 

R,= 160 Ee ae 


FIG. 8. Oscillograms of the amplifier voltage in no-load conditions 
(a), and under load (b). 


dU; dUout 
(a) [— = 90 V/sec.; | = 250 V/sec. 
dt a dt 
dU, EU our 
(b) = 144 V/sec.; = 205 V/sec. 
dt nas dt 


U, — voltage at the output of the first stage; U,,,, — voltage at the 
output of the second stage. 
Conclusions 


(1) The power obtained from such a machine equals up to 50 — 55 per cent of 
that of a machine of the normal type and of the same size. 


(2) The specific features and the most important problems in the design of an 
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amplifier are: 


(a) determination of the optimum ratio of the volumes of the armature slot, oc- 
cupied by the first and the second stage windings; 


(b) the determination of the optimum ratio of the areas of the slot opening oc- 
cupied by the fieid windings of the corresponding stages of an amplifier. Obviously, 
the static and dynamic properties of an amplifier will depend on these ratios and on 
the degree of utilization of its size for the power supplied. 


For better determination of the qualitative induces of the amplifiers of the type 
in question, in comparison with the figures for other types, a more detailed analysis 
and comparative tests of different amplifiers are needed. 


Such investigations will enable classification of the different types of ampli- 
fiers according to the requirements imposed upon them in different systems of auto- 
matic control. A very important advantage of the amplifiers in question, in compari- 
son with amplifiers with an axial field, is the possibility of their use in conditions 
of variable load resistance, without any additional mechanisms. 


Appendix 


Fundamental numerical data é 

Armature diameter Dg = 135mm; the length of the armature / g= 135mm; the 
number of slots Z = 20; the number of commutator segments for a four-pole system 
(2p = 4) K, = 59; for a two-pole system (2p = 2), K, = 60. Air gap under the main 
poles 6 = 1.5mm. 
The data of the two-pole armature winding 

Two-pole armature winding is laid in the lower part of the slot and occupies 
38 per cent of its volume. Number of conductors in a slot — 24; the number of wind- 
ings in a section wg = 4; area of the cross-section of the winding q = 1.21 mm’; slot 
pitch — y, = 10; armature winding resistance — Rg = 0.90 1. 
Four-pole field winding of the amplifier 

Number of turns per pole w, = 72; area of copper cross-section of the winding 
q4 = 2.99mm?; winding resistance R, = 0.93 0; time constant T, = 0.112 sec. 


First control winding 


Number of turns per pole w, = 485; area of the copper cross-section of the 
winding qo: = 0.152 mm?; winding resistance Ro, = 100 Q, time constant 


To, = 0.069 sec. 


Second control winding 


Number of turns per pole wm, = 485; area of the copper cross-section 
gor. = 0.152mm?, winding resistance Ro, = 1000, time constant To. = 0.069 sec. 


Translated by S. Szymanski, Dipl. Ing. 


ml 


srgia, Elettrica (1953). 


THE THEORY OF THE ELECTRICAL CIRCUIT FOR THE 
THREE- PHASE ORE-REDUCTION FURNACE * 


N.A. MARKOV 


Kuibyshev Industrial Institute 
(Received 4 February 1957) 


In the ore-reduction arc furnace the arcs burn under a layer of hard charge substances. 
The conducting charge produces a charge current circuit in the furnace, parallel to 

the arc. In addition, the ore-reduction furnace has a layer of slag and melt separating 
the arc from the pool of metal, and which is connected in series with the arc [1]. 


Fig. 1 is a representative diagram for the electrical circuit of an installation 
with a three-phase ore-reduction furnace. In this diagram the resistance of the arc, 
the charge and the layer are replaced by resistances, and the resistances of the 
supply circuit by resistances and inductive reactances. The resistances of the arcs 
and charge for the separate circuit phases are connected to two parallel star con- 
nexions. The furnace may also contain charge resistances connected in mesh be- 
tween the electrodes of the separate furnace phases. This impedance mesh may be 
replaced by an equivalent star connexion, which is also connected in parallel with 
the arc resistance star connexions. 


Both the arc resistances and those of the charge and the layer of melt alter 
during operation of the furnace. 


When all the furnace phases are loaded equally and the circuit is symmetrical, 
the values characterizing the electrical working conditions of the furnace are linked 
by the following equations: 


V =ir+ L.di/dt + igRs + ud; (1) 
V =ir+ 1 by. di/dt or ishRsh3 (2) 


where V is the phase voltage of the circuit, i is the total electrode current, ris the 
supply circuit resistance, L is the supply circuit inductance, Rs is the layer resist- 
ance, Rsh is the charge resistance and u is the arc voltage; in the conditions in an 
ore-reduction furnace, this may be assumed not to depend on the current and to be 
linearly dependent on arc length. 
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If there is no layer of 
melt (Re = 0), the volt- 
ages between the ends of 
the arc and the charge are 
identical and remain un- 
changed in magnitude if 
the arc length is constant. 
Therefore, when the 
charge resistance alters 
and the arc length is con- 
stant, the total electrode 
current remains unchanged 
and all that occurs is re- 
distribution of the current 
between the arc and the 


FIG. 1. Equivalent for a three-phase ore-reduction fur- charge age 
nace electrical unit. 


If there is no layer of melt (R, = 0), the voltages between the ends of the arc and 
the charge are identical and remain unchanged in magnitude if the arc length is con- 
stant. Therefore, when the charge resistance alters and the arc length is constant, 
the total electrode current remains unchanged and all that occurs is redistribution 
of the current between the arc and the charge [1]. 


For the total electrode current, we have 


imidtighmiat =, (3) 
s 


and for the melt layer current : 


is = ig. (4) 
The curve for the voltage across the ends of the charge and of the arc, approxi- 


mately equal to the furnace voltage, will, depending on time, in a given case be 
sinusoidal with a truncated top and small excitation and extinction spikes (Fig. 2). 


The size of the angle a = wt,, which defines the moments of arc excitation and’ 
extinction, depends on the charge resistance and the charge current. The lower the 
resistance of the charge and the higher the current in it, the larger the angle a and 
also the interval of time between arc extinction and excitation. 


It follows from the curves in Fig. 2, that the relationship between the currents 
in the charge for different charge resistances and constant arc voltage is determined 
by the equation : 

Lehi sin gtr 


[go sin sts (5) 


If the arc voltage is of square form, the arc current will be: 
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' ae ; ug Wf 
i= sin (Ol 0 — Uae eee) (6) 


The arc current curve is practically sinusoidal, particularly in the three-phase 
circuits of an ore-reduction furnace with no neutral conductor, since there are no 
third and multiples-of-three harmonic components in the current curve for a symmetri- 
cal circuit. 


The curve for the current in 
the charge during arc burning 
is of square form, similar to 
the arc potential curve; when 
the arc is extinguished, the 
curve for the current in the 
charge is of sinusoidal form 
[2]. The curve for the total 
current may be obtained as 


FIG. 2. Curves for furnace voltages and currents for differ- the sum of the arc and charge 
ent charge resistances. (a) for Rsp1; (b) for Rsh2<Rshl, current curves (Fig. 2). 


Let us resolve the curve for the voltage across the ends of the are and charge 
into Fourier series. 


Between 0 and a the change in this curve is expressed by the equation 
y1 = mA sin x 
and between a and = by the equation 
VS A, 
where A is the height of the square part of the curve and mA :is the sine curve ampli- 
tude of the sinusoidal part of the curve; it follows that the amplitudes of the harmonic 
components are determined from the equation 


r/2 


4 a 
A,= a4 mA sin x sin ka de+ | Asin kx dx) = 
0 0. 


__4A 


1 


. 1 I . 
[aay sin —Aa— gampgysin(I + #)a + cos ka], 


and that the voltage across the ends of the charge and the arc may be represented as 
follows: 


4A yes \ . Uae ee 
#,—= |(— “Psin2a+ cosa sine -+-(4 3in 2a — 


ae ; 
—-sinda + 3 cos 34) sin3x + Ge sin 4a — (7) 


"ie. os l ; 
~ qe Sin 6x + 5 cos 5: ) sin ox -+.. |. 
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The presence of a layer of melt alters the correlation between the electrical 
values of the circuit, and changes the aspect of the curve for the voltage across the 


charge. 
In this case the voltage across the charge (the furnace voltage) will be: 
Un = ud + tdRs (8) 
and the current in the charge will be: 
| ish = Un/Rsh = (ud + idRs)/Reh (9) 
If the resistance of the charge alters at the same time as the currents in the 


charge and in the arc are redistributed, the furnace voltage also will change, and so 
in consequence will the total current. 


The presence of a layer of melt can therefore be gauged from the changes in fur- 
nace voltage where there are changes in the charge resistance, for example when 
charging the furnace. If, for example, the resistance of the charge is increased for 
fixed electrode positions, this will reduce the current in the charge and increase the 
current in the arc, and will in consequence raise the furnace voltage, according to 
equation (8), from up] to upg. At the same time, with circuit voltages and supply 
circuit resistances unchanged, the total current will drop from /, to 1, according to the 


equation 
un = —Ir+V (V? — [?x?) (10) 
The difference between these furnace potentials is: 
Uni — U2 = Idi — Ide) Rs = (1) — Ip — Ishi + Isha) Rs» 
and in consequence 
Rg = (ny — U2) / (ly — 12 — Ishi + !sh2) (11) 


Since the curve for arc current is almost sinusoidal for a symmetrical circuit, 
the curve for voltage drop in the layer will also be almost sinusoidal. Therefore the 
curve for furnace voltage against time will, disregarding the arc excitation and ex- 
tinction spikes, be depicted by two sine curves of different amplitudes and periods: 
the sine curve for voltage drop in the charge and that for voltage drop in the layer 


(Fig. 3). 


Let us resolve this curve into Fourier series. Since the alteration in this curve 
between 0 and a is expressed by the equation: 


y,=mA sin x 
and between a and 7/2 by the equation: 
¥2=A+7A sin Ix, 


where 7A is the amplitude of the sine curve for voltage drop in the layer, and since 
| = (7 — 2a)/7, the relationship of the arc burning time interval to a half-cycle, there- 
fore the amplitudes of the harmonic components are determined by the equation: 
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a /2 
ee =| [mas x sin kx dx et (A+ nAsin Ix) sin kx ax| a 
0 


a 


A : ; l 
ieee sin (1 — k)a— seeps sin (! +k)a+ FZ COs a+ 


+ 39m [sin — 4) 5 sin — Aya = 


— art | sind + eZ —sin + Hal}. 


Ung 


FIG. 3. Curves for furnace voltages for different layer and charge resistances. 


(a) for R,y; (b) Reg < Rg}. 


Therefore the furnace voltage may be represented as follows: 
eSAA ie n : ._ 2a2 
4,= = {{|— Fsin2a+ cosa + aq (sine + sin >) — 
n 


71 [sina —sin 2a (1— £)]} sin x +{[ 7 sin2a—F sin 4a ++ cos 3a 


+g hy [sin +sin 2a(1 - cat a 


+ 37a |sina+sin2e (2- =) sin 3x-+ 
+{[%F sin4a —™ sin 6a ++ cos 5a AES. | —sina + sin 2a (1 Asem 


oe [sina —sin 2a (3— =) {sind +...) : 


—— 


Since the curve for total current is depicted, as is the furnace voltage curve, by 
two sine curves, both with, a layer present and without a layer, the total current may 
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in both cases be represented by a series of the same type as (12), the value of 4 
being equal to the ordinate up to a horizontal straight line drawn through the point 
of intersection of the sine curves (Fig. 3). 


The shape of the total current curve in an ore-reduction furnace does not there- 
fore depend solely on the shape of the arc potential curve, as is the case with a 
steel melting furnace, but also on the correlation of arc, charge and layer resistances. 


If the circuit is three-phase with no neutral conductor, as is the case in a three- 
phase ore-reduction furnace, with a symmetrical circuit there are no third and mul- 
tiples-of-three harmonic components in the current curve. 


Where the circuit is non-symmetrical, third and multiples-of-three harmonic cur- 
rent-componenrts appear in the circuit even where there is no neutral conductor. 


For example, if the are lengths and potentials differ in individual phases of the 
circuit, currents with third and multiples-of-three harmonics will pass in these 
phases, their values being determined from the equations: 


fig, 91 =H e..y1— %..90) 9 Mg, y= (Beg, yo — Ha...) Yo3 


Ts, a= (4%... ya— Aa...0) Y33 (13) 
[pers 413, .y1 MIF 43, ..y 2 Yat 43... 3 Ya 
(3...) 0 ans 
Yt Yat Ys 


where w(3._.)1, 4(3,..)2 and w3__.)3 are the voltages of the third and multiples-of- 
three harmonics of the first, second and third phases, and yi, y2, and ys; are the con- 
ductivities of the separate phases, including the arc conductivities. 


These currents will supplement the currents for the separate phases and dis- 
tort the current curves of these phases. 


The third harmonics will reach their maximum during two-phase short-circuiting 
of arcs in operation, when w(3,,_)2 = 9, u(3,,.)3 = 0 and the phase currents for 


Y= 41 = ¥2 = ys are as follows: 


») ee , sys 
tee ta rt eat Head) K..y3= 3 %y1¥- (04) 


I 
The determination of the size of the voltage between the neutral points of a fur- 
nace and furnace transformer with respect to the resistances of the charge and the 
layer is of practical interest, since this voltage can easily be measured in a working 
furnace and used for determining the resistance of the charge. 


This voltage is formed by third and multiples-of-three harmonic voltage com- 
ponents and occurs where there are electric arcs in a circuit even when the circuit 
is completely symmetrical. 


Its value is arrived at from the equation: 


W=V wpa tust..., (15) 
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where Us, Us, Ws etc. are the third, ninth, etc. voltage components for different cir- 


cuit phases. 


The form taken by the curve for this potential depends on the shape of the fur- 


nace potential curve. 


Its value for different correlations between charge, arc and layer resistances 


may be calculated by the equations given above. 


Fig. 4 shows curves for the relationship between this voltage and the charge 
current, drawn on the basis of calculations made for different charge and layer re- 
sistances. We can see that as the charge current increases the voltage of the third 
and multiples-of-three harmonics decreases, while the reduction follows different 
courses depending on the resistance of the layer. 


When the charge current is 
varied between 0 and 60 per cent 
ofthe total current, i.e. within the 
charge-current limits encountered 
in practice, the relationship of the 
voltage between the furnace and 
transformer neutral points, where 


no layer is present, is very close 


O Qf (2 @ 04 QF 06 Q7 08 Q9 ww : = 
FIG. 4. Relationships of the voltages between the to lmear‘end may be expresaeaias 


furnace and transformer neutral points to the charge Up = uo (1 — 1,3/1), (16) 
current for a symmetrical circuit. 


where uw is the voltage between neu- 
tral points without a charge (Rp = ~, /,7 = 0), and J = the total electrode current. 


If there is no charge, then since the arc voltage curve is of square form, the vol- 
tage value up will be one third of that at the arc ends. The arc voltage may be 
measured in the furnace when there is no layer, or may be calculated by equation (10) 
from the measured total furnace current. 


The uo line can easily be drawn from equation (16) through two points: (a) the 
first point: 1,7 = 0, uo = + ud; (b) the second point: Js, = 1, uo = 0. 
The curves in Fig. 4 and equation (16), may be used for determining values for 


charge resistance from electrical instrument measurements. 


Fig. 5 is a circuit for the connexion of the electrical measuring instruments re- 
quired for the determination of charge and layer resistances in a furnace. 


To determine the charge resistance, where the furnace is symmetrically charged 
the voltage between the neutral points, the total current and the furnace potential 
must be measured. The charge current and charge resistance are determined from the 
upper curve in Fig. 4 by the equation: 


Rsh = Un/Ish- (17) 


The charge current may also be calculated from the equation: 
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lye = U6 /sty) I. (18) 


If there is no charge, the resistance of the layer is determined from the readings 
of a voltmeter connected between the neutral points of furnace and transformer, by 


the well-known equation : 


Lb 


FIG. 5. Diagram for measuring 
charge and layer resistances. 


Rg = (up, — 3u0) / 1. (19) 


However, where a charge is present, the resistance 
of the layer cannot be determined by this method, since 
the value of the potential uo depends on the charge re- 
sistance. In this case, if the charge resistance has 
been determined, the charge current can be calculated, 
and the resistance of the layer may be determined from 
the curves in Fig. 4 for a measured value of uo and the 
calculated charge current. Charge and layer resistances 
may only be determined by this method for voltage uo 
where the circuit is fully symmetrical and the furnace 
charging uniform. 


Conclusions 


(1) The non-sinusoidal nature of the curves for the 
furnace potential and the current in the electrical cir- 
cuits of ore-reduction furnaces caused by the exist- 
ence of charge and layer resistances has features dis- 
tinguishing these curves from those for the electrical 
circuits in steel-melting furnaces. 


(2) The problems of the theory of ore-reduction fur- 
nace electrical circuits which have been analysed en- 
able us to increase the accuracy of the procedure for 
calculating these circuits; it becomes possible to cal- 
culate working currents and o,erating short-circuit 
currents, furnace characteristics and supply circuit 


impedances, the sinusoidal nature of the current curves being allowed for. 


(3) The method proposed for determining the charge and layer resistances en- 


ables us to determine them from readings given by instruments set up outside the 


furnace. 


Translated by J.H. Dixon 
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THE UNIVERSAL CHARACTERISTICS OF THE DYNAMIC 
BRAKING OF ASYNCHRONOUS MOTORS * 


V.I. KLIUCHEV 


Moscow Power Institute 


(Received 29 April 1957) 


The existing methods used for calculating the mechanical characteristics of the dy- 
namic braking of asynchronous motors according to a scheme with separate excita- 
tion from a d.c. circuit are founded on the use of the motor magnetization curve 

E, = f(/p). Use of the magnetization curve is made necessary by the saturation of 
the magnetic circuit which takes place in the great majority of cases in practice. 


The saturation is allowed for in analytical methods of calculation by the use of 
a non-linear or piecewise-linear approximation of the magnetization curve. As a rule 
sufficient closeness of approximation over a wide range of magnetizing current 
values is not obtained, nor at the same time are correlations convenient for the cal- 
culation produced. Analytical methods of calculation have not therefore been applied 
in practice. 


The graphic analysis method of calculation [2-4], which is based on direct use 
of the motor magnetization curve and equations (1) and (2) below, is at present the 
method most widely used in practice : 


a x, + 2x, 
‘ “2 4 
M 3 Beasts 
~~ 98lao Ry? EY (2) 
a te? 


where /7; is the rated stator alternating current phase in amperes, equivalent to the 
direct current /,, relating to the generated magnetizing force of the stator winding; 
E, is the atator phase e.m.f., in volts; My is the magnetizing current in amperes; 
xp = E,/Ip, the inductive reactance oft magnetization, in ohms; x, is the reduced 
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rotor winding leakage inductive reactance, in ohms; Ry = rz + leas the full reduced re- 
sistance of the rotor phase, in ohms; r; is the reduced resistance of the rotor winding 
phase, in ohms; s = @/Wo, the slip in dynamic braking; and M is the moment, in kg m. 


The values of £, being known, xp is determined from the magnetization curve; 
the slip is then found from equation (1). The corresponding value for the moment M 
is determined from equation (2). Calculations are made for points, and to draw the 
mechanical characteristic M = f(s) takes a great time, particularly when calculating 
the static characteristics of dynamic braking in automatic control systems. 


In this connexion, efforts to obtain universal mechanical characteristics in rela- 
tive units, generalized for the greatest possible number of series of asynchronous 
motors, are of great practical interest. Much work was done in this direction at the 
Moscow Power Institute [2, 3]. 


It was shown to be possible, on the basis of analysis of the magnetization 
curves for isolated sizes in various series, to generalize the magnetization curves 
in relative units for motors in a given series to an accuracy of + 5 per cent; it was 
found to be impossible to generalize the magnetization curves for different series 
with acceptable accuracy. At the same time, analysis of the parameters showed that 
it is not possible to generalize either the basic parameters or various combinations 
of them, even for motors in a single series, let alone for those in every series. Thus 
attempts to simplify the calculations by using universal curves have not yet led to 
the required results. 


Analysis of the works indicated draws one to conclude that the relative units 
system adopted at present [2, 4] must be renounced if we are to obtain universal 
curves which are suitable for calculations of dynamic braking for motors in different 
series. A relative units system must be found which, when employing universal 
characteristics, will allow us to take into account the features of a particular 
machine both regarding its parameters and its magnetization curve. The first step in 
this direction was taken by Prof. A.T. Golovan in his published works. Dynamic 
braking characteristics are adduced in [1] in relative units which make it possible 
to take a number of specific motor characteristics into account; the applicability of 
these characteristics however, as the author remarks, is limited to low-power motors. 
The present article puts forward universal characteristics which can be used inthe 
majority of cases in practice. 


Generalization of the magnetization curves is based on a system of relative units 
in which the open circuit current Jo, for Vid= Vign, and the stator phase e.m.f. 
Ex go corresponding to this current are taken as the basic quantities of the magnetiz- 
ing currert and e.m.f. Here the difference between the magnetization curves for sepa- 
rate sizes and series is governed on the one hand by discrepancy in the magnetiza- 
tion curve shapes, and on the other hand by different levels of saturation of the mag- 
netic circuit at specified voltage. It is impossible to eliminate the difference between 
the shapes of the characteristics by selecting other basic quantities; there are how- 
ever grounds for supposing that this difference may not be important. The influence 
of the second feature can be fully eliminated if we take as basic quantities for each 
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specific motor the rated e.m.f. F,, and the rated open circuit current /9, correspond- 
ing to that e.m.f. in conditions where the magnetic circuit is saturated to an equal 


degree: 
Eup = be Egos lop = bj lo. (3) 
Where a magnetization curve for e = f(ip) exists which corresponds to the rated 
basic quantities, it is possible to proceed to the characteristic ep = f(ipp) corres- 
ponding to the calculated basic quantities by using the following relationships: 
ae)! | 1 
eas Sey ee ee ef (4) 
he =—e; yp =7—-=—ip- 
P Ey be Ep lop bi pb 


Thus universal dynamic braking characteristics calculated on the basis of some 
magnetization curve assumed as basic, may be used for specific motors with an ac- 
curacy determined by the degree to which the shapes of the magnetization curves co- 
incide. The magnetization curve for the motor in question may serve as the basis for 
the selection of the coefficients be and bj. However, in the majority of cases the 
person performing the calculations is not in possession of these data, and to obtain 
them is a very laborious process. The conclusion mentioned above that the 
e = f(iw) magnetization curves can be generalized for motors of individual series is 
therefore of great practical interest. 
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FIG. 1. Magnetization curves for asynchronous motors. 1 - FAMSO, AT, A; 

2- AM, DA; 3- MT; 4-MTK; 5 - KT-55/1003; 6 - AK61-6; 7 - AK61-4. 

———> generalized relationships ; — — — — — relationships obtained 
experimentally. 
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Generalized e = f(iz) curves for series MT, MTK, AM[2] and FAMSO,DA, AT 
and A [3] are shown in Fig. 1. The e= f(iu) curve may be used to advantage as the 


: basic magnetization characteristics for FAMSO, AT and A series motors, the curve 
7 being common to this group of series. The values of the coefficients be and b; 
selected from a state of equal saturation are set out in Table 1. 
TABLE 1. Points on the ep = f(izp) 
curves, calculated on the 
FAMSO | DA AK 61-1, basis of equations (4) using 
4 MT MTK_ |KT-55/1003 
eS | he AK 61-6 the coefficients set out in 
Table 1, are plotted in Fig. 1. 
Over the whole range of mag- 
netizing current these points 
lie in practice on the e=f(ip) 
curve taken as the basic 
curve; this confirms that uni- 
versal characteristics calculated from a basic curve can be used with equal accuracy 
for motors of all series enumerated. 

Series AK and KT, whose generalized curves are lacking, are represented as ex- 
amples by the experimental magnetization curves for the AK 61-4, AK 61-6 and 
KT -55/1003 motors. The values of be and 6; used for calculating the corresponding 
points on the ep = f(ip,) curves for ‘ieee motors are giyen in Table 1. These curves 
also practically coincide with the basic characteristic e= f(ij). Thus, when the 
appropriate basic quantities are selected, on the one hand the limits within which 
the magnetization curves can be generalized become wider and on the other hand 
calculations from universal dynamic braking characteristics, where a magnetization 
curve exists for a given type of machine, become more accurate. 

We will adopt the following basic unit system from now on: 

e= Me. ee se. a eer 
BOE yig7? P= 7 0) Ip 0: pe t bE 190 
pe 6X0 b; Io 4 ad 6..Xo . 
Using (5), equation (1) becomes: 
1242 72 e “Oe He, P Xu dy Xo + 2x5 96, Xo 
po 1j= — 2 be xe * ‘142,45, Xo SOO SS 
*y.d uO "2 
ae +e 
From this we can obtain the following equation for the universal characteristic 
ep = f(z, So) by simple transformations 
02 2 
2 Xd 
state 
: 
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where ‘So = s/Sp; the relative slip, and Sp = Rif by x0, the calculated slip. 


In a similar way we can obtain from equation (2) an equation for the universal 
characteristic m= f(ep, So): 
2 
Seep a 
ER Te 
I+ 86 xoq 


where m= M/Mp, the relative moment value, and Mp = 0.306/ao be b; x 13 x0, the cal- 
culated moment value in kg m. 


With the aid of the magnetization curve, relationships (6) and (7) establish the 
link between the relative values for the moment m, the slip s% and the direct current 
ig for a given value of the parameter x, q tabulated in Table 2. 


The values of x77 lie 


as between 0.025 and 0.1, 
“ while the lower values 
Sarige ad correspond to high- 
Minimum | Maximum speed high-power motors. 
Taking this into account 
MT 0.045 0.10 and using equations (6) 
en and (7) and the mag- 
FAMSO 0,035 0.07 : : aS 
ale netization characteristic 
DA 0.040 0.09 selected above, two 
: groups of universal m = 
AT, AM 0.025 0.06 f(so) characteristics 
were calculated for a 


constant ip, these 
groups corresponding to the intermediate values of x;q of 0.04 and 0.08 (Fig. 2). Com- 
parison of the curves corresponding to these values of x;q confirms that to disregard 
the value of x7, as is recommended in a number of published works, for low and aver- 
age power machines, may involve errors of 10-12 per cent in determining the moment. 
On the other hand it is evident that the groups of curves shown in Fig. 2 enable us 
to take the effect of this parameter sufficiently accurately into account. 


The value of the stator current /,, ensuring the specified maximum braking 
moment M,,,, for a motor may be determined from the universal characteristics 
Mnax = f(iz), x2q being a constant, given in Fig. 3. For this purpose the relative 
value for the moment mya y = Mmax/M, must be determined; the corresponding relative 
stator current if must then be found from the curves in Fig. 3. 


The direct current magnitude is calculated from the equation 
In a ke sxe bjhip, 
where k,, =1,/Ip, a coefficient depending on the stator winding circuit diagram [1,4]. 


The M = f(s) characteristic, where ig is constant, is calculated from the corres- 
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FIG. 2. Universal mechanical characteristics of the 


dynamic braking of asynchronous motors; for 


Mod = 0.04; — — — — for Kod = 0.08. 


ponding universal m = f(so) curve (ig constant) from the following equations: 


0,306 28h. Ry 
“my Ce Of o%os a a hea ae 


P iy oO b, Xo Ki 
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If it is necessary to determine the additional resistance of the rotor circuit 
Rg, for which the unknown characteristic passes through specific points V, and s,, 
the corresponding slip so: is determined, with the aid of the relative moment value 


m = M,/ Mp, from the universal characteristics. 


The additional resistance R is calculated from the equation 
‘2 Sy - 
= 5, X%o— — Ty 
Ras by ee 2 


The static characteristics in control systems acting on the stator current mag- 
nitude during dynamic braking can be calculated in a minimum of time from universal 
characteristics. If for example /, = f(s), then this relationship can be expressed, 
using the correlations given above, in relative units by ig = f(so), and the points for 
the mechanical characteristics of control systems can be determined directly from the 


m = f(so) curves (where ig is constant). 


It is necessary to dwell briefly on the recommendations met in technical litera- 
ture, according to which the mechanical characteristic for the dynamic braking of an 
asynchronous motor can be deduced, for known values of maximum moment and the 
slip corresponding to them, from the well known simplified equation for the mechani- 
cal characteristics of asynchronous motors: 

M — 2M max ; (8) 


s S max 


ae 


S Ss 


Fig. 4 shows the M = f(s) characteristics (where ip is constant) for MT 31-6 
motors, calculated using the universal curves according to the parameters for this 
motor given in [4], the characteristics obtained by equation (8) and also the corres- 
ponding experimental curves. We can see from comparison of the curves that satura- 
tion alters the shape of the characteristic; the error in determining the moment may 
reach 20-30 per cent for a given slip; calculations from equation (8) should there be 
considered to be approximate. The initial data necessary for calculation may be ob- 
tained from the curves given in Fig. 3. 


Just as when using the initial graphic analysis method, it is necessary to know 
a number of motor parameters, r, m2 and J, in order to make calculations using uni- 
versal curves. The effect of errors in the determination of each of these parameters 
on the accuracy of the calculations varies. For example, the value of 7, is necessary 
for calculations for a d.c. circuit, and a certain amount of inaccuracy in its deter- 
mination has no material effect. Errors in determining 7, involve inaccuracy in com- 
putation of the slip corresponding to a given moment value. The greater the addition- 
al resistance of the rotor circuit Rg, the less the inaccuracy. Inaccuracy in deter- 
mining the open circuit current /, involves the highest error in calculation, since it 
is used for determination of the moments V and the direct current I,. Therefore cal- 
culations must be based, in important cases, on reliable motor parameter values, and 
their determination from catalogue data can only be recommended for rough calcula- 
tions. 
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FIG. 4. The dynamic braking mechanical 
2 ’ : characteristics for the MT-31-6 motor. 
FIG. 3. The relationships m max = f (if) 1 - calculated from universal character- 


and so max = flig) for ecHstent %g qi istics; 2- calculated from equation (8); 
1- where %q =0.04; 2- where Xaq = 0.08. 3 - experimental curves. 


When using the generalized magnetization curves given in Fig. 1, calculation of 
dynamic braking from universal characteristics cuts down the labour involved by 
many times and provides the same accuracy as is given by calculation from the 
initial equations (1) and (2) checked experimentally [2, 3]. At the same time, the 
great advantage of universal characteristics is that thay may also be used directly 
for the known magnetization curve for a specific motor or for a generalized curve for 
a series not given in Table 1. To do this, values for the coefficients b, and b; pro- 
viding maximum coincidence between the ep = f(i,,)) curve.and the magnetization 
curve taken as basic must be selected. Thus the proposed curves can, in the major- 
ity of cases, in practice facilitate calculation of the static chacteristics of the 
braking of asynchronous motors. 


Translated by J.H. Dixon 
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ARCING SHORT-CIRCUITS ON 400 kV TRANSMISSION 
LINES AND METHODS OF DEALING WITH THEM* 
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Central Scientific and Research Electrotechnical Laboratory, 
Moscow Electric Station 


(Received 19 September 1957) 


On 400 kV transmission lines with a solidly earthed neutral, we have to expect 
mainly single-phase short-circuits to earth. As opposed to the lines with lower 
voltages, the restoring of the electric strength of the path of the arc after switch- 
ing off the phase becomes more difficult on 400 kV lines because of appreciable 
influence of the current at the point of damage caused by capacitive and electro- 
magnetic connections between the disconnected phase and the working phases. 
The supply current which will flow at the point of the fault, after automatically 
switching off the faulty section of the line, will sustain the electric arc for a cer- 
tain time. The next reclosing can be done only after the extinction of the arc and 
restoration of the electric strength. This circumstance not only defines the plac- 
ing of protective relays but also exerts an influence on the total lay-out of switch- 
gear on the 400 kV lines. In particular, the problem of connecting shunting reac- 
tors directly to the line or through the circuit-breakers is strictly connected with 
the extinguishing of the sustained current arc. Several works are known dealing 
with research on the sustained current arcs [1-5]. Nevertheless, they do not give 
a clear idea of the range of sustained currents, for which it is possible to use 
single-phase automatic reclosing. As a result of these works, it is assumed that 
the extinguishing of the sustained current arc is possible for the currents of the 


order of 12-15A. 


Research into powerful open arcs, carried out by the C.S.R.E.L., has shown 
that an electric arc is capable of self-extinction even for currents of a few hun- 
dred ampres, if the conditions exist for a substantial increase of its length [6]. 
On this basis the investigations of the sustained current conditions were under- 
taken. Experiments on a 6 kV model have shown that the extinction of the sus- 
tained current arc for gradients of 5-15 kV/m occurs for currents up to 75-100 A, 
and experiments on a 220 kV grid 750 km long have shown the possibility of 
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extinction of the sustained current arc in the real conditions for currents of 30 A, 
[7]. Further experiments have been carried out on the 400 kV line from Kuibyshev 
Hydroelectric Power Station Moscow. The results are given in this article. 


The values of the sustained currents and the restoring voltages at the place 
of flash-over determine to a considerable degree the time of burning of the arc. 


In considering various separate cases, used for calculations, it is necessary 
to bear in mind that in the case of a single-phase automatic reclosing, the phenom- 
enon of the sustained current is conditioned by the presence on the sound phases 
of the voltage of industrial frequency and of the working current, and, in the case 
of three - phase reclosing, by the presence of voltages varying in time on the sound 
phases during their capacitive discharge into the earth. 


If a voltage transformer is connected to the 400 kV line, then the discharge of 
the line into it will have an aperiodic character. For a section of the line 200- 
500 km long the time constant of the aperiodic discharge is about 0.01 sec. The 
process of the discharge will be practically finished in 0.05 sec and will not pro- 
duce any appreciable sustained current phenomenon. Therefore, in future, there is 
no need to consider this case. If the voltage transformer and the reactor are con- 
nected to the line, then the discharge process will be determined by the ratio of 
the capacitance of the line and the parameters of the reactor, in so far as the 
resistance of the reactor is smaller than the resistance of the voltage transformer 
by a few orders of magnitude. In this case, there will be an oscillatory discharge, 
and the constants of the discharge process will vary according to the length of 
the disconnected section. These constants are calculated by known formulae. 
The data, necessary for calculations of the amplitude values of the discharge 
current, proper frequency and time constant of discharge as a function of the 


length of the 400 kV line, are given in Table 1. 


TABLE 1 


Values for one phase 


Element of the | Resistance | Inductance Phase capaci- 


Mutual inter- 


electro- of the of the Shase induce ane with Interphase 
transmission positive positive fanee respect to capacitance 
sequence sequence earth 
R (Q) L @) M @) Co uF) C, UF) 


Line (for 1 km) 12238)<10e 


0.93 x 10° | 0.86 x 10° 8.6 x 10° 
ae eae 


As can be seen from the graphs on Fig.1, the values of the parameters character- 
izing the discharge of the line in relation to the length of the section vary rather 


Shunting 
reactor 
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considerably. Nevertheless, the current of discharge and its proper frequency are 
of the same order as the working current of the 400 kV line and its working fre- 


quency. 


FIG.1. The values of the amplitudes of the dis- 
charge current/,,, time constant of the discharge 
7 and the proper frequency fo at the discharge of 
the line through the shunting reactor as a func- 
tion of the length of the disconnected section. 


The time constant of the dis- 
charge r is equal to a fraction 
of a second; therefore we have 
to reckon with the fact that the 
voltage on the sound phases of 
the line and the discharge cur- 
rent will maintain sustained 
current conditions at the faulty 
place through the disconnected 
phase for 1 sec or more. 


Thus, calculation of the sus- 
tained currents and of the re- 
covery voltages should be done 
for two cases: switching off 
one phase and switching off all 
three phases in the presence of 
a reactor. The general formulae 
for these quantities are deduc- 
ted on the basis of the simpli- 


fied circuit of the line element with distributed constants, as shown in Fig.2. In 
this diagram, two sound phases are replaced by an equivalent single phase, the 
voltage along it being assumed constant. This assumption enables us to exclude 
consideration of the inductance and the resistance of the equivalent phase. The 
mutual inductance between the sound phases and the disconnected phase of the 
section is accounted for by the introduction into the faulty phase of the c.m.f. of 


the mutual inductance. 


The differential equation of the line element 
has the following form: 


au 


= a7 OL! + joMl,. 
‘ok te eee (1) 
i = joCU + (U —U,)joC, 


where Uy = 0.5 Urs lh = Ips Ga2C. 

U, and [4 are the voltage and current in the 
phase equivalent to the two sound 
phases; 

Ur and if are the voltages and currents in the 
sound phases; and 


1 Yd, l 
‘ { a { 
| FoMy : 


FIG.2. The diagram of the 

element of the line with dis- 

tributed parameters for the 
calculated example. 
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U and J are the voltage and current in the disconnected phase. 


Solving simultaneously the equations (1) for the section of the line of length 


l, we have: 


U,=U, chyl—/,Z, sh Ue ; (1—chyl)—/, PA sh yl 
. jo M 
jes —Srenqo-e tein) 0, emt, EM —chyl), 


where a=—w*LlC, y=jw VLCO,+0) ot C); Z,.=—; 


U, and /, refer to the beginning of the section; and U, and i, refer to the end of 
the section. 

Let us divide the section of the line in question into two parts: X and /-x. 
Let us establish for each of them the boundary conditions: 


For the beginning of the part X: U = U,; 1=0;for the end of the part X: 
U=Uy; T= hy; for the beginning of the part / —X: U = Uy; [= ly; for the end 
of the part 1X: U=U,; 1=0; At the junction of two parts: Uy = Uy; ly =-ly 


Using equations (2) and the boundary conditions we get the following expres- 
sions: for the recovery voltage on the disconnected phase 


l1—cosyx 1—cosy(l— x) 


‘ ; C -F M — — 
Urea — + jl, _X__cos yx COS (LS Meee 
A A A Me os Le Es eee 
é ban © VLCC) tan yx —tany(/ — x) 


(3) 


for the magnetization current 


| fegeeeeeene | ‘ rs Seen M cos y(! — x) — cos yx 
if des: Fro ee Te +1, L’ cosy(i—x)cosyx ~° 


As can be seen from formulae (3), voltage Uy and current ly have two components: 
the first of them depends on the voltage on the sound phases and is due to the 
capacitive connexion between sound and faulty phases, and the second depends 

on currents in the sound phases and is due to the mutual inductance. 


On the basis of data given in Table 1, we obtain the distribution of the com- 
ponents of the recovery voltage and of the sustained current for different lengths 
of the disconnected section of the line in the case of an automatic single-phase 
reclosing after break. The value of the current /4 is assumed equal to 700A. 


The plotting of graphs of distribution in Figs 3 and 4 is done in such a way 
that the ordinate axis corresponds to the middle of the disconnected section, and 
the variable coordinate to the faulty place. 


From graphs in Fig. 3 and 4, it is seen that the capacitive component of the 
recovery voltage does not vary along the section; we can also assume that the 
capacitive component of the sustained current remains constant along the section. 


Arcing short-circuits on 400 kV transmission lines and methods of dealing with them 31 


Inductive components of the sustained current and of the recovery voltage are 
equal to zero when the short-circuit occurs at the central point of the section, and 
for short-circuits at the ends of the section they have maximum values. The induc- 
tive component of the voltage has a positive value when the short-circuit occurs 

at one end of the section, and a negative one when it occurs at the other end of the 
section. The value of the resultant of the inductive and capacitive components 
depends upon the angle between the current, which produces them, and the voltage 
on the sound phases; the maximum value of the resultant also occurs at the end 


of the section. 


The above method may also be used for calculations of the sustained current 
and of the recovery voltage in the case then a shunting reactor is connected at the 
end of the section of the line. Since, however, the maximum values of these 
quantities are of primary importance, we give below the formulae for calculations 
‘in the case when a short-circuit occurs at the end of the section opposite to that 
where the shunting reactor is connected. The boundary condition for this case 
will be: at the end of the section in which the fault occurred U = Ug; 1=0; at 
the end of the section with a reactor U = Lj Xp; I = 1, where Xp = oly — inductive 
reactance of the reactor. 


FIG.3. Capacitive U, and inductive U; com- 
ponent of the voltage on the disconnected 
phase (in the absence of the reactor). 


FIG.4. Capacitive J, and inductive J; com- 

ponents of the sustained fault current when 

one phase is disconnected (in the absence 
of the reactor), 


Using equations (2) and the boundary conditions we get: 


39 Arcing short-circuits on 400 kV transmission lines and methods of dealing with them ; 


Z 
sin yl — = (1 — cosy!) 
J ate See 
U, sh U, Cot © Z, 
sin yl — =~ cos xl 
P 


Z 
1 —cos yi ——* sin yl 
M x 


ALY erarp eres eae 
Z 
VEGor-) sin yl — = cos 31 
P 
sin fe (IK cos jl) 
(=U = (= 
nA VEC FC) Z T 


c 
cosy — sin yl 
P 


Z 
1 —cos xl + — sin yl 
+1,4 d 
A 
L Figs 
cos yl + =— sin yl 
p 


+ 


Here, the recovery voltage 
and the sustained current 
also have two components 
each, one of the com- 
ponents being capacitive 
and the other inductive. 


For calculation of the 

resultant values of the | 
(4) current and voltage, des- 
pite the previously assum- 
ed values of different 
parameters, cos @ of the 
transmission was taken 
equal to unity, which 
approximately corresponds 
to the conditions of normal 
power. Fig.5 shows the 
results of calculations for 


the cases when the reactors are present and when they are absent. 


I 


absence of a reactor, the recovery voltage 


100 


209 


FIG.5. The sustained current and the 
recovery voltage on the disconnected 
phase for a point of the end at the 
section: (a) one phase disconnected, 
reactor absent; (b) one phase discon- 
nected, present; (c) three 
phases disconnected, reactor present. 


reactor 


In the case of a single-phase automatic reclosing after the break and in the 


varies within the limits 30-60 kV 
according to the length of the section. 
In the case when a reactor is present, 
its inductance and interphase capaci- 
tance appear as if connected in series; 
because of this, voltage resonance is 
possible, and, hence, a considerable 
increase of voltage on the faulty phase. 
Equating to zero the denominator of one 
of the terms for the voltage (4), we find 
that the resonance occurs for the length 
of the section 
I Ze 
boa eS Paes eee ie 
woVL(C)+C) One 

Calculations show that /,., = 290 km. 
Although, in fact, resonance over-volt- 
age is limited by the saturation of the 
reactor and the discharge, nevertheless 
it is necessary to reckon with a con- 
siderable increase of voltage. In the 
presence of a reactor, the sustained 
current also reaches a considerably 
higher value than in its absence. 
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In calculating the sustained current and the recovery voltage for conditions at 
the three-phase automatic reclosing after break, the values of the discharge current 
and of the proper frequency of the discharge for each length of the section were 
taken in accordance with graphs in Fig.1. Voltage on the sound phases was 
assumed to be equal to the nominal, the damping of the discharge current was dis- 
regarded, angles between vectors of the discharge currents and voltages of the 
sound phases were taken equal to 90 el. deg. The results of calculations are 
given on Fig.5. The sustained current was a little smaller, and the recovery volt- 
age bigger than for conditions in the case of a single-phase automatic reclosing in 
the absence of a reactor. The sustained current in the case of a single-phase 
automatic reclosing in the presence of a reactor was approcimately equal to 0.3 
A/km, and in the same case, in the absence of a reactor, to 0.2 A/km. In the case 
of the three-phase automatic reclosing in the presence of a reactor, the current 


equalled 0.1 A/km. 


The diagram of the 400 kV line Kuibyshev - Moscow, during the experiments 
carried out by the C.S.R.E.L., is shown on Fig.6. Wind during these experiments 
was weak. 


10 kV 
Kuibyshev 
Eastern Yn -3 Yp-2 Yn-1 hydro-electric 
substation station 


17km { 270:km 


15QMW 


FIG.6. The diagram of the 400 kV Kuibyshev - Moscow line during the 
experiments with extinction of the sustained faulty current arc. 


Arcing short-circuit on the group of insulators of the suspension type was produced 
by means of a copper wire of 1 mm? cross-section. After fixing the wire, all three 
phases were switched on and the arc was struck. 


The damaged phase was disconnected by a breaker after 0.14 sec, and after 
this, the sustained current arc remained. The voltages of all three phases, the 
current of one sound phasé, the short-circuit current and the sustained current 
were recorded by a magneto-electric ossillograph. The photographs of the arc 
were taken by a cine-camera at the rate of 32 frames/sec. Cine - frames of the 
experiment on the section of the line 815 km long, in the absence of reactors, are 
given in Fig.7, and the oscillograms of this experiment in Fig.8. 


During the short-circuit stage, the arc on the film appears as a luminous cloud; 
later the luminous gases, surrounding the arc disperse and the patch of the sus- 
tained current arc can be clearly seen; this path gradually becomes longer, bend- 
ing sideways and upwards, at the expense of thermal forces of the previous short- 
circuit and due to its own thermal effect; after this comes extinction. 
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FIC.7. Separate cine-frames of the single-phase short-circuit with the following sustained 
current arc: (a) short-circuit arc; (b) the sustained current arc before the beginning of 
extinction; (c) cooling of gases after extinction of the sustained current arc. 


current 


b) 


FIG.8. Oscillogram of the experiment (a) and the graph of the resistance of the path of 
the arc (b) on the single-phase short-circuit and switching off one phase. | — voltage of 
the “ yellow” phase U,,. II —current of the ”yellow” phase Iy. Ul—voltage of the “green” 
phase U,. IV — voltage on the arc (of the “red” phase) U,. V—current/,,. VI—_ short- 
circuit current /,, (1) the beginning of the short-circuit; (2) connecting of the sound 
phase with a delay; (3) switching off the “red” phase (the end of the short-circuit). 


As can be seen from the oscillogram in Fig.8, after switching off, the sustain- 
ed current flows through the discharge channel; the current gradually decreases 
with the lengthening of the channel and the voltage increases on the arc gap. The 
resistance of the path of the sustained current arc, whose graph of variation is 
plotted using the oscillogram data, shows a steady increase during the whole pro- 
cess. This arc dies away due to the steady decrease of current caused by the in- 
creasing resistance of the path. This process of extinction occurred in all experi- 
ments and is typical for the sustained current arc. The extinction of open power- 
ful arcs occurred in a similar way in all the experiments performed by Burgsdorf 
[6]. In a few cases in these experiments, single restrikes may be observed, these 
being peculiar to arcs in capacitive networks. | 


The oscillogram of the experiment on switching-off all three phases on a sec- 
tion of the line 117 km long, without a reactor, is shown in Fig.9a. In this case, 
the discharge of the sound phases of the line and the sustained current correspond- 


> 
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ing- to it have an aperiodic character. The discharge lasts only 1.5-2 periods of 
industrial frequency; therefore, reclosing with a delay of 0.3 sec proves successful. 


The oscillograms of the experiment on switching off all three phases on a 
section of the line 635 km long with the reactor are shown in Fig.9b. In this case, 
the discharge of sound phases through the reactor, after they have been switched 
off, proceeds at a frequency of 3] c/s per sec and with small damping, and this 
agrees with calculations. The curve of the sustained current has an irregular 
shape, and the extinction of the arc occurs during 0.2 sec. The reclosing after 


0.3 sec also proves succesful. 


Table 2 shows the results of the experiments carried out on the line from 
Kuibyshev to Moscow. The experimental values of the sustained current are 
taken after the first half period after switching off the short-circuit, and the volt- 
age on the disconnected phase is taken at its established value. 


In all experiments, the short-circuit current was equal to 2.000 A, and the 


time of short-circuit 0.14 sec. 
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FIG.9. Oscillograms of the experiments with the three-phase switching off and reclosing. 
(a) section of the line with a voltage transformer; (b) section of the line with a voltage 
transformer and reactor. ]—voltage of the “yellow” phase U,; II—current of the “yellow” 
phase T,; IIl—voltage of the “green” phase U,; 1!V—voltage of the arc (of the “red” 
phase) ape V—current /5,; VI—short-circuit current /;,. (1) the beginning of the short- 
circuit; (2) reclosing of the sound phase with a delay; (3) switching off the “red? 
phase (the end of the short-circuit); (4) switching off the “yellow” and “green” phases; 
(5) reclosing of the “red” phase; (6) reclosing of the “yellow” and “green® phases. 


The data of the table show a satisfactory coincidence of calculated and measured 
values of the sustained currents and recovery voltages on the disconnected phase. 


Experimentally obtained values of the times of arc extinction in relation to 
the sustained current for a single-phase automatic reclosing are plotted in Fig.10 
as dots. As can be seen from this graph, these points show a considerable disper- 
sion, due to the characteristic instability of the arc. 


It is necessary to point out that the experiments were carried out on the line 
without load, and without the sustained current component, due to the inter-phase 
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mutual inductance. If 


TABLE 2 
the experiments were 
Capacitive com- ae carried out on the line 
he: 20 ‘ 
a pags ss: Zo with a normal load, the 
e | So ined ld 
& Voltage on) | a Cage sustained current wou 
Length Q the discon- a eae 2 ES a h b t 
Kind of of the g nected meee ad ave been greater. 
experiment line a phase (kV), ef : F 
(km) § = = 23 Taking into account 
r2) be) © 7 2) : : 
° 2 5 a 5 28 the maximum durations 
m% 2 =| : . 
B s/e|¢lns of time for arc extinc- 
a % . . . 
Doel Ores tion and considering an 
Single phase A.R.| 117 = 28 | 98 | 15 | 47>-| 0,05 additional interval of 
ene E301 98 | 28 | 40 | 38 | 0.26 : 
Rat shut Anciensclooee ) 98 | 28 | 40 | 38 | 0.34 time of the order 0.05 
Stele te rks 98 | 40 | 38 | 0.38 
US eam ie | 33 | 98 | 40 | 38 | 0.50 sec, necessary for the 
#4 : 0.2 , 
dt ages eel Rr ee Y,G 28 ee a ee oe recovery of the electric 
ate hae : mee os ae e a hae strength of the path 
eRe eee as: 815 93 | 28 | 82 | 80 | 0,76 some 
tes occ Sate ote Sanis op cease camera a after the arc extinction, 
Ws ire yshettnns 391 100 | 92 25 25 | 0.22 we Can assume, aS an 
2 0.24 : a 
Rea ae se Pe oe e 0.98 approximation, that the 
eagle Migs RAE Ee ae 
pemey a Silas | 3 | 4 | 4 | {2 sustained current and 
i thoes oa 635 45 50 47 45 1.88 the duration of the 
Three phase A.R.| 117 ee = — | 0.02 1 2 if 
eaten. suc has ee =|) = = currentless interval for 
eR teat var} —|— | 6 | 75 | 0.20 the single-phase auto- 
ae a =| = | 6 | 7 |o.tse matic reclosing of the 
line without a reactor, 
* Reclosing succesfully done after 0.3 sec. are linearly dependent 
baad » = = " 0.27 sec. i : 2 
eee 2 » » = 0.26 sec. (straight line on Fig.10). 


Therefrom we can de- 
rive the relationship between the currentless interval and the length of the discon- 
nected section, if the relationship between the length of the section and the sus- 
tained current has been determined earlier (see Fig.7). The corresponding approx- 
imate formula is 


tSfar = 0.003 l 


where tgs,, is the necessary currentless interval for the single-phase automatic re- 
closing (sec) and I is the length of the section (km) 


With the reactor, which causes an increase in the recovery voltage, the neces- 
sary currentless interval will be appreciably longer than that obtained by formula 


(6). 


In conditions approaching resonance the sustained current arc may remain 
unextinguished. 


So far as the 400 kV line from Kuibyshev to Moscow is concerned, such con- 
ditions may occur on the section between the switching points 3 and 2, of length 


“a= > 
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274 km, and on the section between switching points 2 and 1, of length 244 km, if 
resonance occurs, as was found earlier, on the length of the disconnected 290 km 


section. 


The resonant increase of the voltage on the disconnected phase can be danger- 
ous for the insulation of the connected transformers and for the shunting reactor. 
The real value of the over- voltage may be found only experimentally. 


For the successful use of the single-phase automatic reclosing on the sections 
considered of the line from Kuibyshev to Moscow, it is possible, for the single- 
phase short-circuit, to switch off the shunting reactor simultaneously with switch- 
ing off the faulty phase. In designing 400 kV lines it is necessary to choose such 
distances between the switchgears that the conditions for the resonant increase of 
voltage should not arise when switching off one phase. 


If the shunting reactors are sufficiently reliable and damage to them is less 
probable than serious damage to the line itself, excluding the possibility of its 
reclosing after break, then we can omit the breaker in the network of the reactor. 


For the three-phase automatic reclos- 
ing with a reactor, the durations of arc 
extinction show a considerable disper- 
sion, but the maximum duration does not 
exceed (0.2 sec. Therefore, in this case, 
we may successfully use the so-called 
quick-acting automatic reclosing, for 
which the interval is determined by the 
time of the separation of the arc break- 
ing contacts of the air breaker and their 
consequent reclosing, this time being 
equal to 0.27-0.3 sec, as it was during 
the performed experiments. 


Cnr & 460 “7-9 (A) 


In the conditions of dynamic stability 
FIG.10. Experimentally found durations 


igre eats 3 of the electro-transmission it is desir- 
of the arc extinction in relation to the 


able that the currentless interval for the 


current: 
@ — on the section of the line without three-phase automatic reclosing should 
a reactor, © — on the section of the be very small. Nevertheless, the further 
line with a reactor. decrease of the interval of the quick- 


acting automatic switch-on is inadmis- 
sible with shunting reactors, since the relation between the maximum time of the 
burning of the sustained current arc (0.2 sec), and the maximum interval (0.3 sec) 
had a limiting value in the experiments. For deionization and the recovery of the 
electric strength of the path of the arc only 0.1 sec is left. 


If, simultaneously with the disconnection of the three-phases of the line, we 
disconnect the three phases of the shunting reactor as well, then the interval of 
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the quick-acting automatic reclosing will not be limited by the sustained current 
arc. In this case, the duration of the pause will be determined by the time of de- 
ionization and of the recovery of the electric strength of the path of the short- 
circuit arc. According to the published data, this time does not exceed 0.2-0.25 
sec for a large range of short-circuit currents. Taking into consideration that for 
the 400 kV Kuibyshev - Moscow transmission line, the three-phase short-circuit 
current varies within the limits 1-10 kA, the reduction of the interval of the quick- 
acting automatic reclosing, the reactor being disconnected, may be brought down 
to the value of 0.25 sec. The possibility of the further reduction of the interval 
should be confirmed by additional experiments. 


It is necessary to point out that on the section of the line between Moscow 
and switching point 3, where the reactor is absent, and the extinction of the sus- 
tained current arc takes only 0.05 sec, we may successfully use the single-phase 
quick-acting reclosing. 


In conclusion it is necessary to point out that the effectiveness of the auto- 
matic reclosing on the 400 kV lines, judging from the experience gained from the 
exploitation of the 154 kV and 220 kV lines, having analogous electrical and 
mechanical characteristics, should be high. According to CSREL data, for the 
period from 1945 to 1954, on the lines with steel cables and the protective angle 
of 20° or less, there occurred about seventy cases of break - down. Damage due 
to lightning did not occur. 45 per cent of break-downs were of short duration (dirt, 
damp insulation in marshy regions, various deposits), and in 55 per cent of cases 
the break-downs were due to serious and lasting damage, followed by the conduc- 
tors falling to the ground. It follows that approximately half of the short-circuit 
cases may be handled without prolonged disconnection of the line. 


The authors wish to thank V.V. Burgsdorf for his valuable advice and help 
given during their work and colleagues who participated in the experiments. 


Translated by S. Szymanski 
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At present, the lightning - protection wires of power transmission lines of all 
voltages are securely earthed at each tower. 


During the design of long-distance 220-400 KV lines, it was established that 
a considerable amount of electrical energy can be lost via earth-wires earthed at 
many points. These losses are due to the presence of currents in the closed 
circuits of the wire - tower earthing systems, as a result of the electromagnetically 
induced e.m.f. in the earthwires. With the most widely adopted lightning - protec- 
tion system using two earthwires, which are interconnected through the towers, the 
current obtained is greater than with one earthwire, in which case the circuit is 
completed only through earth. 


Since the energy losses in the earthwires can reach considerable magnitudes, 
it is worthwhile considering the question of isolating them completely or partially 
from earth. 


It should be pointed out that studies have been made in the U.S.S.R. in recent 
years on the question of using, as lightning-protectors, current-carrying conduc- 
tors intended for supplying power to small-scale consumers [1], for driving elec- 
tric motors when carrying out repair work on the line, melting ice-deposits and the 
like. The wires can also be used as communication wires, especially during 
erection of the power lines. In this connection, the need again arises to insulate 
the wires from earth. Isolation ofthe earthwire eases the conditions of repair work 
on the lines and also simplifies the measurement of the line-earth resistance at 


the towers. 


Thus, the multiple earthing of earthwires could only be justified if the ad- 


ditional cost of isolating them were not covered by the saving in energy losses. 


* Ekektrichestvo No.1, 25-30, 1958 [ Reprint Order No. EL 44]. 
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An obligatory condition for the use of isolated earthwires is the maintenance 
of the same level of protection as is obtained with earthed wires. For this, the 
wires must be earthed through spark gaps which are bridged in the early stages of 
the leader stroke of a lightning discharge, to direct the latter on to the wire. Then 
when the spark gap has been bridged, the subsequent flow of the lightning current 
will proceed as with earthwires. Experimental work, carried out on a model, and 
also the experimental use of sections of 35 to 220 kV power lines with isolated 
earth wires, confirmed that the earthing of wires via spark gaps does not reduce 
their protective properties [2]. 


On the basis of the results of these investigations, the Technical Management 
of the Ministry for Power Stations decided to suspend the earthwires of 25 to 220 
kV lines on insulators with spark gaps not exceeding 40 to 50 mm. The isolated 
earthwire system has since been extended somewhat to those sections of power 
lines, where the cables are used for reactive power take-off and consumer supply 
or the supply to protective relay circuits. 


Electrical energy losses in earthwires 


If a 400 kV line, for example, 1,000 km long, erected on towers such as are 
used on the Kuibyshev Power Station - Moscow line, has two steel earthwires 
70 mm? in section, earthed at each tower, then the earthwires form a closed circuit 
over each pitch between the towers and the e.m.f. set up in the earthwires at a 
line load of 1,000 MW (on two circuits) is 52V/km, the current in each earthwire 
27 A, the total loss of power in the earthwires about 3MW (in the two circuits) and 
the yearly energy loss of the order of 10 million kWh (Appendix la). 


In a 350 MW transmission with the two 220 kV lines, 360 km long, the power 
loss in similar earthwires is 380 kW, and the yearly energy loss about 1.8 kWh. 
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FIG. 1. 


If the cost is taken as 10 kopecks per kWh, complete isolation of the earth- 
wires in these lines would give a yearly saving of 1 million roubles in the first 
case and 180,000 roubles in the second. The saving due to isolating the earthwires 


on lower voltage lines would be considerably less, since such lines are compara- 
tively short and the working currents are less. 
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If one of the earthwires is divided into sections, corresponding to the distance 
between strain towers, and each of these sections is isolated, as shown in Fig. 1. 


(earthwire), the closed earthwire circuit will be eliminated; current can flow only 


in the other earthwire and will return through earth. Since the distance between 


towers on long lines is quite considerable [3], we can ignore the current flowing 
at the ends of the sections and consider the earthwire - tower earthing system as a 
single-conductor earthwire - earth line. This system of earthing the wires gives a 
considerable reduction of the additional energy losses in the line, compared with 
the system of earthing both earthwires at many points. If this system is used on 
the 400 and 220 kV lines discussed above, the additional energy loss is reduced 
by 1.8 times (Appendix 1b). 


Further reduction of the losses can be achieved by similarly dividing the 
second earthwire into sections and isolating them. In this case, in determining 
the loss on the distance between strain towers, the earthwire - tower circuit 
must be considered with full reference to the flow of current to earth at the 
separate towers (Appendix lc). For example, in the 400 and 220 kV lines 
discussed above, this system of earthing the wires gives a reduction of approxim- 
ately 3 times in the additional energy losses, compared with the system of earth- 
ing both wires at many points. 


In accordance with the decision of the Technical Management of the MES, the 
distance between strain towers on 220 and 400 kV lines with receiving substi- 
utions must not exceed 10 and 15 km respectively, whereas for lines with switch- 
ing stations or stations of limited circuit- breaking capacity, this distance is 
not limited. The length of each section of earthwire in the latter case is deter- 
mined by the distance between angle- strain towers and may exceed 20 to 30 km. 


kw|? 400 kV t+1000 km 


Fig. 2 shows the relationship between 
additional power losses in the earthwires 
and the section length with earthwires 
earthed at many points; the section 
length is plotted as the number of inter- 
mediate spans and the losses are plotted 


220kV t=360km on a logarithmetic scale. 


It follows from Fig. 2 that even at a 
section length of km, the additional 
energy losses with earthwires earthed 
at many points are considerable. This is 
explained by the fact that the current flow 

FIG. 2. at the ends of the earthwire - tower cir- 
cuits occurs over a relatively short 
length. At medium lengths of section, earthed at many points, the currents flowing 
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in the earthwires are almost equal to those in earthwires of unlimited length, 
earthed at many points. Therefore, to eliminate additional losses of energy, it is 
also advantageous to avoid the use of sectionalized earthwires earthed at many 


points. 


Earthwire isolation 


If an earthwire is to be completely isolated, the insulator must be selected 
for the maximum voltage which can be set. up in the earthwire in service. This 
voltage is that produced by the capacitative linkage between the earthwire and 
the line conductors (Appendix II). 


Furthermore, the earthwire insulator must withstand the voltage set up by 
the longitudinal e.m.f., induced in the earthwire due to short- circuits on the line. 


This e.m.f. will be a maximum for an asymetric short-circuit to earth. 


The e.m.f. induced in the earthwire of a three - phase line, when a single-phase 
short-circuit occurs in phase a, can be expressed by the following formula (Ap- 


pendix la): 
. D 
E = j0.145-1, 108 


é€ 


This formula is equally valid for each of the earthwires on a line. 


The maximum voltage due to the capacitative linkage, on the length between 
two towers, under normal working conditions, is31kVon 400kV lines, and 9kV on 
220 kV lines. Thus, the earthwire insulators on 400 kV lines may consist of strings 
of three insulators of the type P-4.5, and on 220 kV lines, of a single insulator of 
the same type. 


Complete earthwire isolation on 400 kV lines is undesirable, since it compli- 
cates the tower design for these lines. In addition, the setting up of high voltages 
in the earthwires may make the use of such lines somewhat more difficult. 


The total e.m.f. induced in an earthwire when there is a single-phase short 
circuit on the line, depends on the uninterrupted length of earthwire. Over the 
length of a complete transposition cycle, which may be taken as 250 km for a 
400kV line the total longitudinal e.m.f. at a current of 5,000A may reach the 
comparatively high value of 45kV. 


The size of the spark gap must be such as to ensure isolation of the earth- 
wire under normal working conditions, whilst retaining the lightning-protection 
properties of the earthwire and ensuring self-extinction of the supplementary cur- 
rent arc after the spark gap has been bridged. For 400kV lines the required spark 
gap size must be determined experimentally. 
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The value of the total longitudinal e.m.f. can be reduced by dividing the earth- 
wire into sections of shorter length. With a section length of earthwire earthed at 
one point equal to say 10km (distance between strain towers), the total longitudinal 
e.m.f. must not lead to voltages in the earthwire exceeding lkv relative to earth. 

In this case also, the earthwire insulators on 400kV lines can consist of a single 
insulation of type P-4,5, with a 25 mm spark gap in parallel. In that case, the 
earthing system under consideration will be analogous, as regards its lightning- 
protection effect, to that used on 110 and 220 kV lines for equipment with reactive 
power take-off, and additional experimental confirmation of the lightning - protec- 
tion effect of the earthwires is unnecessary. Reduction of the length of earthwire 


sections is also necessary, as will be shown below, on grounds of safety. 


A current will flow from an earthwire earthed at one point through the earthing 
connexion to earth, owing to the capacitative linkage between the earthwire and 
line conductors, and a voltage difference with respect to earth will be set up at 
the corresponding tower or at several towers, connected to the other earthed wire. 


The current in the earthwire earthing connection will be a maximum when the 
line is operating under unbalanced phase conditions. To determine it, it is suf- 
ficient to use the Maxwell equations for many conductor systems (Appendix II). 
The required current is 


i= [9 mn 
where gm is the charge on the earthwire, obtained from the combined solution 


of the system of Maxwell equations, which are set up under the as- 


sumption that the voltage in the cable is zero. 


Calculations show that, over the distance between switching stations in a 
400kV line, the current in the earthwire under unbalanced phase conditions may 
attain 12 A, so that the voltage on the tower, at a resistance of 10 in the tower 
footing, may attain 120, which cannot be allowed from safety considerations. The 
current flowing in the earthwire over the distance between strain towers is less 
than 1.5 A; the voltage on the tower in this case does not exceed the permitted 
value even in the absence of a connection between it and the next tower through 
the other earthwire. 


Comparison of earthwire earthing systems 


A cost comparison, on the basis of the calculations made, established that the 
expense of isolating the earthwires on both 400 kV and 220 kV lines will be re- 
covered within one year. Thus, the economic advantage of eliminating the earthing 
of the earth wires at many points throughout the length of 400 and 220 kV lines 


is quite obvious. 


In connexion with increasing the resistance to current flow by isolating the 
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earthwires, doubts arose during the design of the 400kV Kuibyshev-Moscow line, 
as to whether the selector devices on the single-phase circuit - breakers would 
operate normally in cases of a single-phase short-circuit. This consideration 
resulted in the decision not to divide both earth wires into sections corresponding 
to the distance between strain-towers, each section earthed at one point only. 


The system adopted for earthing the earth-wires on the Kuibyshev-Moscow 
transmission line is shown in Fig. 1. It satisfies all the specified requirements; 
namely, reduction of additional losses of electrical energy, reduction of the ad- 
ditional costs of isolating the earth wires and retention of stable operation of the 
automatic control equipment. Earth wire 1 of each circuit is isolated by means of 
a single insulator of type P-4.5 and divided into line sections corresponding to the 
distance between strain -towers; each section is earthed at one point (at one of the 
strain towers). Earth wire (2) is divided into sections of the same length, earthed 
at each intermediate tower and at one strain tower. At the other strain tower, earth 
wire (2) is isolated by one insulator. To increase the degree of lightning protection 
for the 400 kV equipment at the approaches to substations and intermediate switch- 


ing points, both earth wires on each circuit are directly earthed over a 5km section. 


No diminution of lightning protection has been observed since the Kuibyshev- 
Moscow line has been in operation. 


The doubt mentioned above, that the protective relay and automatic equipment 
would operate incorrectly, is not supported by experimental operation of transmis- 
sion lines which have been working for a long time without earth wires. It must 
therefore be further recommended that on long 220 and 400 kV lines, the two earth 
wires on all the lines should be isolated, and divided into sections corresponding 


to the distance between strain-towers, since this system is the most economical. 


It should be noted that earth wire (2) in Fig. 1, although earthed at each tower, 
is suspended on single insulators of type P-4.5 with spark gaps. On the Kuibyshev- 


Moscow line, this makes it possible to proceed to the system of isolating both 
earth wires. 


The above calculations of the voltages which may arise in earthwires show 
that it is essential to earth the earthwire sections directly at one point on 400 kV 


lines. As for the earthwires on 220 kV lines, it is possible not to earth them, but 
merely to provide spark gaps. 


It should be noted that to divide earth wires into sections and earth each at 
one point prevents their use as current-carrying conductors. 


If only one earth wire is erected on a line, then to reduce additional energy 


losses it is also recommended to divide this into sections corresponding to the 
distance between strain-towers. 
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Appendix 1. Determination of energy losses 


a) Farthwires forming a two-conductor short-circuit loop. 
The flow of current in the line conductors induces an e.m.f. in the earthwires. 
At a frequency of 50 c/s, the induced e.m.f. in the earthwire [4] is 
3 A 
EB, = j0.145 Vi og- 22 
e J I log Be 
p=! 


where D,. is the distance between the phase conductor and the earth wire, 
DD; is the depth of the equivalent earth return current (5); 


I is the current in phase p. 


As is well known, under normal symmetrical conditions of operation, the currents 
flowing in the different phase conductors are related as follows: 


[,=al, =a, 


so that the e.m.f. induced in earth wire T, (Fig. 3) is: 


: 5 Doe Dee 
|B at Oe 145], (<8 log : + steep | A 
and in earthwire 7, : 
3 : Doe D, ¢ 
foes == j0.145 ja{ ate ee Nees ’ 


where J/g is the current in phase a conductor; 
Dae is the distance between the phase a conductor and the earthwire; 
D,, is the same for phase b; 


Doe is the same for phase c. 


It is assumed that the earth wires and conductors are arranged symmetrically 
on the tower with respect to the vertical axis. 


If the earthwires are earthed at each tower on the line, then over each span 
the e.m.f. induced in the earthwires will produce currents in the earth-wires, towers 
and earth, since there are earthed wire-tower circuits. 


The biggest energy loss will be due to currents flowing in the short-circuit 
loop formed by the earthwires. 
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The current in this loop is; 


Here Z, is the impedance of the earth wire; 


(<1 


? 
le.e 


Ze =ret j0.145 In 


where DT) is the distance between the earth wires; 


re, is the equivalent radius of cross section of the earth wire [5]. 
The active power loss over lkm length of the loop is 
AP, === Re(Be —E£,)1,= 


D, ay 
Dae 


=1.5 (0 145-1 log 


where 


De x4 
Fe 

The approximate yearly loss of energy in the earthwires of a two-circuit line 
can be found in the normal way. 


AA = 2AP ls. 


where 7 is the loss time from the loading curve at some average point (hr); 
l is the length of the line, in km. 


In its final form the formula for determining losses is: 


D 2 
c 
3 ( 0.145 /10¢ Ge 
N ae 
AA = 1, 
D, \2 
4} 0.14B toe 2 
ten 


(3 


where / is the load on one circuit of the line at some average point (A). 


b) Earthwire — earth loop 


Since the resistance of an earthwire — earth loop between towers is consider- 
ably greater than the footing resistances at the ends, particularly at substations 
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and switching-points, where this resistance is at most 0.5 (2, the earthwire — tower 
loops can be regarded as short-circuits. Then the e.m.f. is 


EG=E,—1,2,=8£ +1,2, =~, 
and the impedance of the earthwire- earth loop is 
re ; De 
Was = Toe + 0.05 rid AG Genie 
where 
eur V DI! ae 
and the current of the loop is 
Dice me 
Put Zi 
€.e 


The active power loss over lkm of the line is 


AP, —=— Re Be 
and the energy loss is 


, 


AA =2AP, cl = 20.198 ogy He ) x 
2 Dae Dee 
(0,57 » + 0,05) 


x ee ee eer SS x el. 
(0,5r, + .0.05)2 + [01082 
re / 


If the line has only one earthwire earthed at many points, then 


Dina Ne 
nal, = 2( 0.14570 o8 \ x 
\ Dae | 
fo + 9.05 
x 


TEE 


De 
aes + 0.05)2 “bk (0.15 log? ) 


e.€ 


To determine the loss in the earthwire- earth loop it is borne in mind that 
long-distance power transmission lines are constructed with-extended transposi- 
tion cycles. 


c) Earthwires - towers earthing systemon sections between strain-towers 


If a section earthed at many points is limited to the distance between strain- 
towers and is not electrically connected to other earthwire sections, then to cal- 


culate the energy losses it is necessary to take into account the flow of current 
in the whole earthwire-tower system [5}. 


Let an earthwire earthed at many points have n spans, i.e. earthed at n+1 
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towers; the footing resistances of the towers can be taken to be identical and 
equal to R, whilst the resistance of the earthwire- earth loop for each span is 


where | ,, is the span length. 


A chain of this type is active, uniform and finite. 


The current in the span of earthwire between towers k and k + 1 is 


- : : Ee Ae Aas! 
Lee pe a eee yas (: —pi te) : 
where A is the coefficient of voltage drop at each successive tower 
in an infinitely long chain: 
vA) 
Ree 
Z is the input resistance of an infinitely long chain with identical param- 
eters for each unit: 


Lin IPE 2 
ee ( = eR 


B is the ratio between the currents at the two ends of a given finite chain, 
forming part of an infinitely long chain: 


B= 


ALS (le——eti): 
Ze 


The active power loss in the chain considered is: 


po Ea oan ee Ae) 
Eine [ (is) (tA ja |. 


The energy loss for the entire two- chain line is 


1 
AA = 24PtN = 2E%, Rez— X 
nm 


2B(1— A—") 
x |» (I—B)(I— A) A |». 


where N is the number of strain towers for one circuit of the line; 
approximately: 
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where /, is the distance between strain - towers. 


Appendix II. Determination of the voltage on an isolated earthwire. 


If the effect of the earth is replaced by the effect of mirror-image conductors 
with the same voltage but opposite sign, then each circuit of the line gives a 
system of six conductors with given voltages relative to earth, and the earthwire 


under consideration is in the electrical field thereby produced. 


The charges q,, 7, and q, on the conductors can be found from the correspond- 
ing Maxwell equations [6 ]. In the case of a symmetrical system, in which the 
conductors are arranged in a right-handed sequence and symmetrical horizontally 
on the tower (Fig.3), the system of equations can be written in the following 
simplified form [ 4]: 

Gah + Ih, + gehts 

a 2req j 

Gahat Gort dohe | 
2neg ; 

ax dats + Iph2+ Goh : 


@ 2neq 


a7 eae 
a2u,= 
a 


where 
UZ o 


hy sicgete ha = log ab . hg tog ; 

ls Dap Dae 
Dap =D is the distance between phase a and 6 conductors; 
Do = 2D is the distance between phase a and c conductors; 


Dab is the distance between phase a conductor and the mirror 
image of phase b conductor; 
Dac is the same for phase c. 


As a result of the combined solution of the equations we obtain: 
mn 


Iq = 2neoU, a, Gy = 2neU r, Go = 2neU a 


where 


hy hy hg 1 hg—hg 
Wl hg hy hy | =! ot hy hy {i 

hg hy hy a hy, hy 

hy 1 hg hy hg 1 
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FIG.3 


Assuming that the earthwires are thin and arranged accurately along equipo- 
‘tential surfaces, the voltage in them relative to earth can be found: 


2 rate 
k=a 


Change in the order of sequence of the phases leads to conjugate values for 
the voltage in the earthwire. 


The voltage in an earthwire when the line is operating under unbalanced phase 
conditions depends on the condition of the conductor which is out of the circuit. 
If the conductor is isolated then one must first determine some average voltage 
which will be produced in this conductor over the entire length of the transposition 
cycle, and then use the original equations to determine the charges qq, qp and qo. 
If the conductor is connected to earth, the voltage in it can be taken as zero. 


Translated by EK. Bishop 
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For purposes of research, calculations, designing etc., it is necessary to know the 
parameters of electro-transmission not only for a frequency of 50 c/s, but also for 
frequencies within the range of variation of free oscillations in different transient 
processes and abnormal conditions. 


The experiments the results of which are discussed in this article were con- 
ducted on two sections of the southern grid of the transmission line from Kuibyshev 
hydro-electric power station to Moscow; that is, Moscow- Vladimir, with a length of 
117 km, and Moscow - Arzamas with a length of 391 km. 


Let us mention the main characteristic features of the line from Kuibyshev 
hydro-electric station to Moscow. 


The phases of this line are divided into three components, situated at the 
apices of an equilateral triangle with a distance between the components of 2d=40cm. 
A mark ACO-480 cable is used for the line. The diameter of each on the three con- 
ductors is 2a = 302 mm. The total cross-section of aluminium is in the phase 1,440 
mm?. The distance between phases is D = 10.5 m; the height of the cables above the 
earth is 21.85 m; the mean value of the sag equals 11.9 m and the mean length of the 
span equals 450 m. On each section of the line, that is between any two switchgear 
points ot sub-stations, there is a full cycle transposition. The line is protected by 
two steel lightning-cables of 70 mm? cross-section; one of them is earthed through 
the towers along the whole length of the line, and the second one is insulated by 
arcing gaps. The angle of the protection cone is equal to about 17°. The earthing re- 
sistance of most of the towers varies within the range 2-6 (2. The dependence of the 
parameters of the transmission line on the frequency may be determined by two 
me thods: 

(1) by measuring these parameters in stabilized conditions when feeding the line 
from a generator with a large variation of frequency; 

(2) by measurements in unstabilized conditions of the discharge of a battery of 
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capacitors into networks consisting of feeders of the line and earth (“method of 
damped oscillations”). 


The first method has the advantage that it is simple to use for interpreting ex- 
perimental data. It disadvantages are that it is complex and expensive, that highly 
specialized equipment is required and that the exact measurement of resistance is 


difficult. 


The second method has the advantages that it is simple to use, the equipment 
is readily available and reliable experimental data for determination of inductive re- 
actances and resistances can easily be obtained. Its disadvantages are a rather 
cumbersome process of interpreting experimental data, and the necessity of arranging 
additional experiments for determination of capacitances of the system, since the 
error in finding them by the method of damped oscillations may be of the order of 
10-15 per cent. 


Taking into account the above advantages and disadvantages of the two methods, 
and the fact that for frequencies of less than 10 c/s per sec and height of the cables 
above the earth not exceeding a few tens of meters, the capacitances of the system 
are practically independent of the frequencies [1], and it is expedient to combine 
the two methods. We determine the proper and relative capacitances of the trans- 
mission system by the first method with a frequency of 50 c/s per sec and rated vol- 
tage. Inductive reactances and resistances for positive and zero sequences of the 
line, in a given range of frequencies, are measured by the second method. 


Interphase capacitances and phase capacitances with respect to earth may be 
determined from the experiment, diagrammatically shown in Fig. 1. To ensure accur- 
acy of the measurements, it is necessary to fulfil two conditions: 


(1) the wave length of the section of line on test should be much less than 5 

(2) the voltage graph during the test must not be distorted by the presence of 
higher harmonics. The more accurately these conditions are satisfied, the greater 
is the accuracy of the equations: 

I I 
eee Ae ee 
Cut 2a Ty: eo esraripet (1) 

where C,, is the capacitance of the phase with respect to earth per unit length of the 
line and C,, the interphase capacitance per unit length of the line. 


The experiments made on the discharging of a battery of capacitors into the net- 
work consisting of phases of line and earth, enable us to determine the parameters 
of the equivalent circuit, representing the section of the line in question. 


If the line is closed at one end and has a battery of capacitors at the other, then 
it may be shown, in the case of free oscillations of the system, that all harmonics 
with an index k > 1 are damped, approximately in accordance with the law 
exp (-Rit/Lk) and harmonics with the index k = 1, in accordance with the law 
exp (R,t/2L,); i.e. much more slowly, since for k > 1, because of the presence of 
skin - effect, R,/2L, < Ry/2L,. Therefore, after 2 - 3 half-periods of oscillations of 
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the lowest frequency, 

all high harmonics of 
picid the free oscillations, 
having index & > 1, 
will die out and the 
curve of discharge 
will practically be- 
come a damped sinu- 


Winding of the 


400 kV t soid. Therefore, 
feanercrnes starting from a cer- 
to the . 2 
oscillograph []Ruw tain half-period, the 


odes a. line may be represent- 


‘l 


ed with sufficient ac- 

curacy by a single 
FIG. 1. Diagram for measurement of inductances of the line. equivalent network, 
drawn for the lowest 


frequency of free oscillations, as shown in Fig. 2. 
The equation characterizing the circuit in Fig. 2 will have the form: 
CE Rabat Po [Ly (Cy + Char) RC, RaCbar |P? + 
TIRE, HRar Ry) Cpey le + 10. 


It is easy to show that, if the relations Rd < Rn and 10 Cn < Chat are satisfied, 


then, up to the value of the operator p < (—0.2 + 71) 10° equation (2) may be replaced 
by a simpler one: 


(2) 


p+ 2ap + 05 =0, (3) 


where 


oe ob. [Rat Rea ta | fF La(Ca+ Chat) ° (4) 


The error resulting from this simplification will be less than 1 per cent. The 
ratio of two adjacent maxima of the curve will be equal to exp (27a/a), 
whence U2) 


@ max 
— aa, 
ag! let) * 


max 


On the basis of this discussion, we may formu- 
late the following requirements, which must be 


satisfied to ensure the reliability of experimen- 
tal results: 


(1) resistances of connecting leads, earth- 
ings etc. should be small in comparison with the 
total resistance to be measured ; 


boii Sh ee 


FIG. 2. Network of the experiment 
damped oscillations. 1.7 - form 


2 : equivalent circuit of the lines; Rq - 
(2) capacitance of the battery should be at total resistance of the connecting 


least to the order of one magnitude greater than conductors and earthings. 
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the total capacitance of the line; 

(3) dischargé currents should be sufficiently large, so that any occasional in- 
fluences may be disregarded, and small enough, so that we may consider earthing 
resistances as linear and constant. The most suitable current to meet these con- 
ditions will be the current within the range of a few tens to a few hundreds of 


amperes. 


Having found the discharge frequency @ from the oscillographs and the ratio of 
two adjacent maxima of the curve if*) | Yiae we determine by formulae (4) and 
(5) the resistance and inductive reactance of the circuit shown in the equivalent cir- 


cuit diagram of the section of the line on test. 


The parameters of the equivalent circuit Rn, Ln and Cn are expressed by the 
wave-length A and wave impedance ZB of the line, and, consequently, by the line 
parameters per unit length of the line. 


In the case in question, the equivalent circuit of the line on test is set up for 
the operator p = — a + j@; i.e. for a damped oscillations process. Because of this, 
the usual formulae relating line parameters per unit length and lumped parameters 
of the equivalent circuit R, and Ly with quantities A and Zp, should be transformed. 
Deduction of these formulae is given in Appendix I. Only the final results and the 
order of calculation of the line parameters per unit length of the circuit in question 
are given here for the frequency w and damping a. 


We shall ignore the influence of the resistance on reactances of the equivalent 
circuit; it is well known that this simplification does not cause errors exceeding a 
fraction of 1 per cent, even for lines with a length of 60 — 70 el.deg. In this case, 
reactive components of the impedance and admittance of the equivalent circuit of the 
line network in question may be written in such a form: 


jolL =JZ, sind; joC, =f pak, (6) 
B 


where — e2k 
Z,= a L=alV LC; 


Land C being inductance and capacitance per unit length of the line circuit on test. 


By cross-multiplication of the first equation of (6) by the second equation of (4), 
we have 
I o2-+ a2 ‘ 
= sind. 
Cat Chat = IC (7) 


Multiplying equation (7) by the second equation of (6), and, substituting into the re- 
sulting expression the value 1/C, + Chat from equation (7), we obtain the following 
transcendental equation for the determination of A: 


a2 


G 
Apat = COS ak — BE sind, (8) 
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where C is a capacitance per unit length of the line, independent of a and @, deter- 
mined experimentally using asymmetrical idling. 


For known A and C, it is easy to find the inductance per unit length of the cir- 
cuit in question : 32 
L (a; w) port : (9) 
The resistance component of the impedance of the equivalent circuit (Fig. 2) is 


R, (a, @) = Rel Zgq sinh dQ] (10) 


Formulae for determination of 7 Ba = zpoel? and A, = m+ jn are given in 


appendix I. 
Expanding expression (10), we have the transcendental equation 


ites (a, @) 


+ sin 9 sin n cosh m= cos @ cos n sinh m (11) 
ZRa 


for determination of the resistance R (a,@) per unit length of the circuit of the line 
on test. 


The phenomena of skin effect, determining the dependence of line parameters on 
the frequency — other conditions being equal — differ for oscillations with constant 
amplitude, whose operator is p = j@, from damped oscillations, whose operator is 
p=(-a+ j@) =(-7 + ])@. The method of damped oscillations gives the correspond- 
ing parameters per unit length of the circuit in question. 


Let us consider the relationship between parameters R(a,q@) and L (a,@) for cir 
cuits phase- phase and phase -earth, and parameters of positive and zero sequences 
of the transmission line for the undamped process. 


Having the results of the experiment of the battery discharge into the network 
phase - phase, we can, by formulae (8), (9) and (11), directly determine products of 
active resistance and inductance of the positive sequence by a double length of the 
section of the line on test, R,(a,@) 21 and L, (a,w) 2 Ll. The active resistance for 
the positive sequence for an undamped process can be calculated using the value of 
the active resistance for the positive sequence, obtained from formula (II, 17) fora 
given damped process. 


The inductance of the positive sequence may be represented as a sum of two in- 
ductances: external L, and internal L;. The first one, Lg, is determined by geometric 
dimensions and depends neither on frequency nor on damping. For a three-phase 
transposition line with one phase divided into three components and with horizontal 
conductors, Le may be found from the formula: 


[eben (12) 
Qa equ 


where 
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The influence of damping on the internal induction L; may be found from formu- 


lae (II,18). 


Calculations by formulae (II,17) and (II,18) show that the calculation of damping 
when 7 < 0.2, within the range of frequencies 10 - 200 c/s, is practically superfluous, 
since the corresponding correction is only of the order of a small fraction of 1 per 
cent of the active resistance and of inductance for the positive sequence. 


From the results obtained experimentally by the discharge of the battery into 
the phase - earth network, we determine the active resistance, equal to the sum J,(a;w) + 
R;(a;@), and the inductance, equal to the sum Lj(a;wa) + L,(a;w)+ L,, where R,(a;a) 
and L3(a;w) are the active resistance and inductance, introduced into the line by an 
imperfectly conducting earth; Ly is the inductance of the network phase- earth, assum- 
ing perfect earth conduction. 


Inductance L, is calculated from the following formula, which is derived from 


formulae (IJ,13) when s = 3. 


(13) 


where 


a(hg—h a 
ee Vig 


Formulae for calculation of 83(@) and L,(w) for given values of ?3(@) and L, (a) 
are given in Appendix II. It can be seen from formulae (II,19) and (II,20), that the 


Rer(a; @ ) 

ratio of the active resistances ————— depends only on damping, characterized by 
Rer\ w) Ca Aa: @ ) 

parameter 7. The ratio of the inductances ————— depends on damping and on the 


Lew) 
parameter k, the value of which depends on an unknown quantity ge, specific earth 
conductance. Therefore, to be able to use expression (II,20), it is necessary to deter 
mine k, and consequently oe, from an auxiliary transcendental equation. This equation 
is derived by a transformation, leading to expression (II,20); when s = 3, we can ig- 
nore all terms in this equation with x raised to a power greater than unity, since the 
error will not exceed 0.5 per cent. The equation has the following form: 


V2WVVi-e—a1— WV +2 9 |e 
— tnx = 2t 49) 7 (a: ©) — 4b —0,6166. 


0 


(14) 


Kquation (14) may have one or two roots, but only the smaller root has a real meaning. 


\fter having found values ,(@) and L;(@), we can determine the parameters of 


the zero sequence from relations 


Ro (o) =, (e) + 3R, (0); Lo(o) = Z£;()+ 3 [L, (©) + Ly], (15) 


where L, is the inductance of the circuit three phases - earth, assuming a perfect 
earth conductance. 
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Inductance L, is calculated by the formula 


joe 
Lae eee 


Qn (1 +8) (16) 


Dequ : 


where 


i 
— 2 
aia V GequD 2 


The asymmetrical idling experiment was carried out on the Moscow - Vladimir 
section of the line from Kuibyshev hydro-electric power station to Moscow, at the 
rated line voltage. A scheme of the experiment is shown in Fig. 1. 


The wave-length for this section at the frequency of 50 c/s is approximately 
equal to 0.75 7/2; consequently, voltages at the beginning and end of the idle phase 
differed one from the other by less than 0.5 per cent. The use of formulae (1) is there- 


fore justifiable. 


Table (1) shows the result, obtained by reading index instruments and from os- 
cillographs, one of which is shown for purposes of illustration in Fig. 3. 


The working capacitance 


TABLE 1. of the line was calculated 
by the formula 
E xperi- Us lA 'BC Ci Cw Cwork © Ci cr 3C jp. (17) 
ment (kv) (A) (A) (LF /km)| (LF /km)|} (UF /km) 
oats As is seen from the os- 
91.4 17.7 | 0.00872 | 0.001047} 0.01187 - : s 
o7* | 930 cillograph in Fig. 3 there 


96.0 18,25 | 0.00922 | 0.001077) 0.01244 all small per cent distortions 


present in the current of the 
order of 5 - 6 per cent are 
caused by the presence of 
higher harmonics. Because 


89,9 16.7 | 0,00884 | 0.001011) 0.01186 
17,1 | 0,00935 | 0.001033) 0,01245 


of this, capacitances calcu- 


* The first line gives the results obtained from oscillo- lated from index readings 
graphs (first harmonic), and the second line those ob- are slightly too large. There: 


tained by the reading of instruments. fore Mines walaesest capaci- 
’ 


tance calculated from the 
fundamental harmonic of 
current and voltage are accepted as the mean values (Table 5). 


The experiments with damped oscillations were carried out on the phase - phase 


circuit on the Moscow - Vladimir section and phase - earth circuits on two sections, 
Moscow - Vladimir and Moscow - Arzamas, 


During the experiments, the capacitances of batteries varied from 15 to 650 pF. 
The sum of resistances of earthing and of connecting conductors (R ), was on the 


Moscow end of the line 0.51 9, Vladimir 0.8 9 and in Arzamas 0.24 0. Phases not 
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used in the experiment were disconnected from both ends. The amplitudes of the dis- 
charge currents varied from 25 to 230. 


From the above conditions of 
these experiments, it follows that 
the use of the above formulae was 
justifiable. 


FANE 
V1 AAVARVARVARVAAVAN, For purposes of illustration, 


Fig. 4 shows oscillographs obtained 
A AAD from experiments with damped os- 


cillations. 


The results of experiments of the 
discharge of a battery of capacitors 
into the phase - phase network are 


FIG. 3. The oscillographs of currents and vol- given in Table 2. The experiments 


tages obtained from the experiment of asym- 


were carried out at temperatures of 


metrical idle running. 0-2°C 


TABLE 2. 


Graphs of dependence R, and L, 


on frequencies, plotted using the 
data of Table 2 are shown in Fig. 5. 
P ters of th . 
; - aethiops The external inductance Le, calcu- 
(c/s) (1/sec) —______——_—_—— lated by formula (12), is also shown 
Ei) (LH/kem) | Ry (o)(Q/«0) in this figure (horizontal dotted line). 
The difference L,(a,w) - Le = L; 
ty oo 0.908 0.0207 gives the value of the cate in- 
17.4 9.54 0.907 0.0207 
24.9 9.46 0.964 0.0206 ductance of the bundle of three con- 
35.3 10.1 0.955 0.0217 ductors, which is necessary for the 
60.2 11.67 0.944 0.0251 ion 
7.0 | 120 0.935 0.0268 calculations. 
0.3 13.5] 93 02 : 
ee ee ae ae The results of the discharge of a 


battery of capacitors into the phase- 
earth network are given in Table 3 


(Moscow - Arzamas section) and in Table 4 (Moscow- Vladimir section) and the cor- 


responding graphs in Fig. 5 and 6. 


For the frequency 50 c/s 
the inductances of the posi- 
tive and zero sequences were 
also measured under static 
conditions of short-circuit. 
The results obtained were 
very near to those obtained 
by the method of damped os- 
cillations for the same fre- 


quency. 


Table 5 gives the values 


TABLE 3. 
Parameters of the 
f a Ry (a; ©) + ae (2; ©) + zero sequence 
(c/s) |(1/sec) tRerl% ©) +Lo +Le(2; ©) 
(O/1m) ({LH/km) Ro (#) Ly (») 


(Q/tem) | ( LH/km) 


7.3 0.03385 1.850 0.0571 3.979 
long 0.04143 1.830 0.0783 3.918 
20.1 0.05425 1.754 0.1155 3.685 
34.4 0.07968 1.718 0.1866 3.509 
48.3 0.10440 1.679 0.2553 3,479 
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of the parameters of the 9.9166 sec 


line from Kuibyshev HEPS 
to Moscow, obtained ex- 
perimentally at the fre- 
quency of 50 c/s. For com- 
parison, it also gives /\ 
values of these parameters, 
calculated by the Carson 
formulae and from the 
Maxwell equations, with 
and without consideration 
of the earthed steel cable. 
The values calculated, dis- 
regarding the earthed 
cable, are taken from those FIG. 4. The oscillographs of current and voltage 
ofthe project of clncie- pied tone event it deny sacl 
transmission, designed by work phase ~. phase; (bh). diacharee of she haven: 
the T eploelektroproekt into the network phase - earth. 

(Electric power and heat 

generating project).As can H/km OQ. /em| L,, 8, 
be seen from Table'5, the 
values of inductance of the 
positive sequence and of 
the partial capacitance of 
the phase with respect to 
earth are near to the values 


Hee i A. A eee 
ai oft mne ae aaa 


WV AV A ae 


assumed in the design. 


The interfacial capacit- 0.8 cere re 0 = 100 cela) 
ance obtained experiment- 
ally differs from the value 
assumed for the design by 
24percent, but practically TABLE 4, 
coincides with that ob- 


tained from calculations, 


FIG. 5. Dependence of parameters of the positive 
sequence on the frequency. 


Parameters of the 


: : : Li (4 ) 
taking into account the f & Riese) " i privtidNbena etic 
(c/s) |(1/sec)| + Rel ©) | 4 1 +26 (a; 0) 
earthed cable. Therefore, (Q/em) (LH/km) Ro (@) Lo (@) 


(O/km) | (LH /km) 


the experimental value of 
nt CREME MAE ie 


the working capacitance is 


125 E57 0.0550 1.883 2 
near enough to that used 145 | 19°19| 010576 bee eee 1036 
for design calculations. 17.9 | 13.15] 0.0628 1,860 0.1365 | 3.951 
BOM Ma. 37 0.0772 1,760 0.1781 3.667 
T The experimental value 37.5 | 21.07} 0.0939 1.700 0.2395 | 3.51% 
Dieta vewresistance of 52.9 | 29.02 0.1471 1.685 0.3681 3.474 
ie 65.1 | 35.46 0.1710 1,648 0.4359 3.379 
the positive sequence ex- 84.6 | 42.4] 0.1999 1.602 0.5147 3.253 
ceeds the value taken for 100.8 | 56.61 0. 2630 1.573 0.6857 | 3.172 
135.5 | 70.78 0.3115 1.486 0.8447 2.920 
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FIG. 6. Dependence of parameters of the 
zero sequence on the frequency for the 
Moscow - Arzamas section of the line. 


0 5 5075 100 S26 (ela) 


FIG. 7. Dependence of parameters of the 
zero sequence on the frequency for the 
section of the line from Moscow to Vladimir. 


design purposes approximately by 
7.5 per cent, and this can be at- 
tributed to the influence of tie 
beams, terminal fittings and other 
parts fixed on split feeders of the 
line. Measurements taken in the 
Science and Research Institute for 
direct current and in the central 
science and research laboratory 
of the Moscow Electric Station have 
shown that tie-beams and other 
fittings are a source of additional 
losses in the line. 


Experimental values of the active 
resistance of the zero sequence 
differ considerably from those as- 
sumed in the design project and 
differ slightly less from those ob- 
tained from calculations, consider- 
ing the influence of the steel cable. 
From this, the influence of the earth 
conductance is also clearly seen 
on different sections.* According 
to Carson’s theory, this should not 
occur at low frequencies. The de- 
pendence of line parameters on fre- 
quency, found from experiments, is 
sufficiently near to the dependence 
given by Carson [ for low frequencies 
Ro(@) is practically a straight line]. 
Evidently, Carson’s assumption 
about unbound and homogeneous 
earth is valid for high frequencies 
and good for the determination of 
the character of the function Ro (a), 
but is inadmissible for purely quan- 
titative calculations for frequencies 
within the range of a few hundred 
c/s. 


* According to regulations [2], the 
earth conductance on the Moscow - 
Vladimir section is approximately 
equal to 65 x 10 5 1/Q.em, and on 
the Moscow - Arzamas section to 
35 x 10 5 1/Qcm. 
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TABLE 5, 
z4 g ~ Value of the parameter ob- 
.o 8 tained from calculations 
Description of id o & 
Parameter a z 0 oO Taking into 
2 5 2 o Dp aes the ‘ From the trans- 
Sod @ earthed stee i 
s gS a ee mission design 
Partial phase capacitance 
with respect to earth 


Cu (pu F/km) 0.00878 —_— 0.00867** 


Interphase capacitance 


Go (oF /km) 0.001030 | 0.001060 | 0.001276 


Working capacitance 
Cwork 44 F/km) 0.01187 0.01185 0.01250 


Active resistance of 
the positive sequence 


R, (Q./km) 0.0236 — 0.0220 


Inductance of the 
positive sequence 


L, (uH/km) 0.946 = 0.948 


Active resistance of the 
zero sequence Ro ({)/km) 


for section 117km long | 0.365 0. 282/0,359* 
0.171 
for section 391km long | 0,257 0.275/0.348* 


Inductance of the zero 
sequence Lo(jH/km) 


for section 117km long | 3.466 3.410 


2.970 
for section 391km long | 3.446 3.560 


* Value in the numerator for steel cable resistance R cable = 


2.0 2/km, in the denominator for R cable = 1.5 /km. 


** Taking into account the steel cable. 


As can be seen from Table 5, the inductance of the zero sequence, calculated by 


Carson’s formulae, taking into account the influence of the steel cable, is sufficiently 
accurate for practical purposes. 


With the variation of frequency from 10 to 130 c/s, the active resistance of the 


Ne Ne 
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positive sequence increases approximately 1.5 times, and that of the zero sequence 
8 to 10 times. Inductances, as could be expected, increase less (by 20-25 per cent), 
therefore, in practical calculations and in research, we can disregard variation of 
inductance with frequency, if the wave-length of the line for a given frequency is not 
too near to 7/2. It is desirable to take into consideration the variation of the active 
resistances with frequency, particularly for the determination of surge currénts and 
voltages. 


Thus, with free oscillations, damping manifests itself in effect only by the in- 
fluence on the active resistance of the zero sequence. Nevertheless, increase of 
Ro due to damping is small, and for practical calculations we may use the simplest 


formula (II,19). 


In conclusion, it is necessary to point out that the experimental data dis- 
cussed are related only to the region of comparatively low frequencies. For calcu- 
lation of transient processes in long-distance lines it may be necessary to know the 
resistances at higher frequencies, of the order of hundreds of c/s. For determination 
of these resistances it may be expedient to perform additional experiments. 


The authors express their gratitude to the employees of the transmission line 
from Kuibyshev hydro-electric station to Moscow, to E.P. Belov and to P.I. Gedinia 
for their daily help in carrying out these experiments. 


Appendix I. 


Expressions for wave resistance and wave length of the line during the damped 
sinusoidal process. 


Let the process occurring in the line correspond to the law 


Uel*+1) tng fe(—atio) t (1,1) 


Substituting expressions (I,1) into the equation of a long-distance line, after 
simple transformations we have: 


a2U ; 2/ , 
gee re Craps elie, 
where (I,2) 
12=(R—aL + jol)(g—4C + jo). (1,3) 


From expressions (1,2) and (1,3) it is seen that the transformation of the known 
formulae, giving the relation between parameters A, and Zp for a damped wave 
exp [(-a@+ jo)t] and undamped sinusoidal oscillations, consists in replacing R by 
R! = R(a,w) - a L(a,w) and g by bg’ = g - aC. Let us perform this substitution. 


: y/ R—cL + jo 
Z by = Zp, [cos 0 + j sin 9] = ae ee a hy 


1, = M+ jn=lY(R—aL + jal) (—aC + jal). 
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In expressions (I,4) it is taken into consideration that, as a rule, 10 g<a G. 


Separating on the right-hand side of expressions (1,4) the real and imaginary 
terms, we have the components of the wave impedance : 


(R— aL fot? =e 
ie EEE aaa fae View per (1,5) 
and the components of the wave length 


m Le 
n ja zx 


as pe (1,6) 
x VF L(ot— 22) FoR + V (fut) [(R—aL PF ol, 
Remembering that for frequencies f> 5-7 c/s the inequality (R-aL) << @?L? 
holds good, it is easy to reduce formulae (1,6), to a form more convenient for calcu- 
lations. For this purpose, we expand the internal square root in the formulae (I,6), : 
into the power series 
w2 (R — 2aL)2 


<ole 


Restricting ourselves to the first two terms of the expansion we have 


mae YE ee le ee / F[(ot—22) LF aRP + 2 (R—2aL ([,7) 
x 2 “VL (ot—a2)+ aR’ fa L (w2 — a2) + aR . 
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The relation between parameters of the transmission line for the sinusoidal processes 
dying away with time. 

The solution of the problem is applicable to the three-phase line with phases 
divided into three conductors (Fig. 8) for a sinusoidal time-attenuated process. 

ePt a athe! gay <1, (II,1) 

It is convenient to carry out this solution exactly by the methods of Grinberg and 
Bonshtedt [1], ignoring the influence of the proximity of phases; i.e., representing a 
system of s conductors-earth, as s separate conductor-earth systems, and to find 
field components in air and in earth by superimposing s fields, corresponding to s 
separate conductor-earth systems. In future we shall use the following notation: 
medium 1 — conductors, medium 2 — air, medium 3 — earth. Remaining notations are 
clear from Fig. 8, or are given in the text. 


Expressions for field components of the conductor-earth system inside any of 
the three media (conductor, air, earth), for sinusoidal processes are derived in [1]. 
The derivation of these expressions for processes of type (II,1) shows that they 
will have the same form, the only difference being that j® should be replaced by 
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z p = (-n + j)@. Therefore, we shall not 
M(y,2) give this derivation; we shall write 

only these expressions of field com- 
ponents, which are the constants of 
integration of the Maxwell equations 
obtained from boundary conditions of 
the given problem. We shall also give 
the equations for determination of the 
complex propagation constant, which 
will be necessary for further discussion. 


The intensity of the electric field in 
air may be represented in such a form 
as this: 


E(?) es Ee) Ome E(?), (II,2) 


where E?) is the intensity of the secon- 
dary electric field in air, due to the 


presence of earth; E(?)9 is the inten- 
FIG. 8. Layout of the conductors of the line. sity of the electric field of the con- 
ductor, situated in an infinitely homo- 


geneous medium (air). 


The components of the field intensity of separate conductors along the z axis 
are given by the following expressions written in the Gauss system of units. 


(2 IG 7) ; 
eS _=— me C Ge Mo(mer,): (11,3) 


Lees SD Se Dee ee a P 
£3 N2 + &9%a ype s) a 
where (11,4) 
Ni = =m? pees; 0: 
mV Rae, Im; > 0; 
> 2 ar rat 
Nati at Nee ae V e;u; Imk; >, 


; Ana, 
Cie ey =a p 


is the complex dielectric constant; a; is the specific electric con- 
& 
ductance of the ith medium; A is the Hankel function of the first kind of zero order. 


The resultant field in the second medium (air) will be determined if we add the 
component fields of all nine conductors. 


The constant of integration C is expressed by the parameters of the system and 
by the current in one conductor /,: 
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[ymy¢e; 1 
= Das, . 2 (hg — hy) 


Hy (9) + 97a ahah 


Hy (my V d? +(Ag—Ar)* (11,5) 
Using the above quoted method of Grinberg and Bonshedt we can deduce the follow- 
ing equation for the approximate determi nation of the complex propagation constant 


q of the system in question : 


——_—_—__——__ 9 
aioe (2+ Yn V yet hy tht ray 1 Jo(ak) (11,6) 
ky 1+ 0 a V yt(h,— hy)? oe ak, Tilak) ’ 


where a 
2a (hy — hy) fl Natg— V2 ma (i ths) 
8 = SOs = 240 | cos vy,dy. 
d2 + (hy — hy? 2) Reng + Rens a 
The calculation of the integral /’,, within the limits @ < 105, a; > 107, with an 


error not exceeding 0.25 per cent, gives as the first approximation 


(Ay+hP—yy tee x 
— 2 ee eee a es ie Se Bas ethan my Yr a 


o rie (x ) a Leese 2! ” (11,7) 
-Wen ee Be | an be) 
n=1 
9 (x. yn 
— Yen a Se 1) I. 
n=1 
where 


x= Ryl¥g— S(t + Ag), %s = Fsl— Ys —J (a + 4,)), 
Y, (x) is the Bessel function of the second kind and of the first order. 


Let us determine the parameters of the zero sequence per unit length of the line. 


The equations for the long-distance line for time-damped sinusoidal processes, 
ignoring the active conductance of the earth, can be written in the following form: 


jqvU= ( Ro+— L ay I, pCyU = jal, (11,8) 


where Ro,Le, Co are active resistance, inductance and capacitance, respectively, 
per unit length of the line, when the currents flowing in all conductors are in the 
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same phase. The total current flowing in all conductors of the line / = 9 2H, voltage 
h\—a 
U= —{ EM yay 42. (11,9) 
0 


Let us substitute into equation (II,9) expressions (II,3) and (II,4) for the components 
of the field intensity. For frequencies w< 105 earth conductance a, > 10’, the height 
of the conductors above the earth being of the order of a few tens of metres, we can 
derive the following expression for the voltage: 


(II,10) 


| fat 1 pom PA, eee 
= op T+ jee Ye ha 


s= 


The error in using formula (11,10) will not exceed 0.5 per cent. 


From the second equation of (II,8), taking into consideration (II,10), we have 


C= 9(1+¢) 
Os 9 2 . 
oie (11,11) 
2|in +> Y) fo LE ~] 
Ys + (hs — hy 


s= 


Substituting into the first equation (II,8) expressions (II,10) and (II,11), we have the 
equation which, in view of (II,6), is reduced to this form: 


etna ane Qh 1 BY Yat thet 
? s+ Plo= aap | Teeth 2 Ye amar | 
ae (II, 12) 


2p Jy (aky) 
mH Yay aky 75 (aks) 
S= 


Equation (II,12), can be written in the form 
Zo = Plot Zest Zp 


he . . ° ° 
where L, is the external inductance, of the line assuming ideal earth conductance 


, l < 
Z o>, is the total impedance, introduced into the line by non-ideal earth conduct- 
ance: 
Zz ee 
PALES) (11,14) 


sS=1 
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Z, is the total impedance of line conductors for time attenuated alternating current 
(impedance of the positive sequence) : 
z= 1 20, folat) (1,15) 
9 ak, J) (ak,) 
For practical calculations it is convenient to use the following formulae for 
determination of the active resistance and inductance of the zero sequence: 


1 ; 1 j 
Ro=3R=—Zz (Rit Rens Lo = SL = ~ZJ (Li + Legt La): (I, 16) 


Dependences of resistances [?; and 3, and of inductances L; and L; on the 
damping parameter 7, may be conveniently represented as the dependence on damping 
of the ratios of these values to the corresponding values (say Ry, Ry; Lj, L°), 
measured when damping is absent, i.e. when 7 = 0. For real lines, when radius, 
height of conductors above earth and frequency of the process are not too large, 
formulae (II,14) and (II,15) may be considerably simplified, if we expand into the 
power series the transcendental functions of these equations and restrict ourselves 
to a few terms of expansion. In this case, the error will not exceed 0.5 per cent. 

For m= 4 aw poo, < 2, the following expressions can be obtained for active resist- 
ance and internal inductance of the conductor: 


1 (a; 2 3 m+ 5 
i tt eta te) et PU +g 48) — 502) SS; LID 


L; (a; ®) m m2 m3 me 
“hay lr esses Bucs 1 (5 — 892) 135 — 12 (5 — 312) 555. (11,18) 


For X < 9.3 and distances between the conductors of adjacent phases not ex- 
ceeding the distances between the conductor and earth, for active resistances and 
inductances in the line to earth, we can use the formulae: 


R(t) 4 L,(; @) 2nd 
Ro) tl te Ae = L(ah, Th > eres 
- 2 (11,19) . 
_2 a x 2nd 
: ec a Vima+avies, (II, 20) 


bane potent y/” Ya eA eyecare 


; EU ee, 
es PSIG ae, 7oh_...(D 2: a: ar) 
2h équ’ equ V equ(D } , hequ= V hgh? 
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If the formulae (II,19) and (II,20) are used, the error will not exceed 0.5 per cent. 
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PARTIAL CAPACITIES (CONDUCTIVITIES) OF A SYSTEM OF 
ELECTRODES AND SEPARATE FLUXES OF THE RESULTANT 
FIELD * 


E.A. MEEROVICH and V.K. RED’KIN 
Moscow 


(Received 25 April 1957) 


The point of view has been put forward that partial fluxes of the electrical dis- 
placement vectors in charged conductors, in the general case, are numerically 

equal to the charges in the partial capacities. This point of view is erroneous, 
and in engineering calculations it can lead to inaccuracies. 


Let us consider the electrostatic field of n conducting charged bodies in a 
linear dielectric medium (Fig. 1). 


FIG. 1. 


The following symbols are used: 


dq, the excess charge on body k; 

, the potential of the body; 

D the lectrical displacement vector; 
S;, the surface area of body k; 


w, the flux due to the electrical displacement vector across the sur- 
face area S;; 


* Elektrichestvo No. 1, 54-57, 1958 [Reprint Order No. EL 46]. 
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Electrodes and the resultant field a 


Wj, the partial flux due to the electrical displacement vector across 
surface area S;,, linked only to area S;; 

9,}, that part of the charge on body &, relating to the partial flux y;;; 

C;,;, the partial capacitance between k and h. 


The flux of the electrical displacement vector across the surface of body 
equals the excess charge on this body: 


Wk = Qk: 


The partial flux ,; resides on parts of the surfaces of bodies & and h, on 
which there are charges, equal in magnitude and opposite in sign, q,, = — qn4- 


Let the sign of the partial flux w;,, correspond to the sign of the charge on 
that portion of the body & on which this charge resides. In this case the following 
equations are valid: 


— VW yy ——_ 
Dien = V py and Ep, =— Fay 
whilst the fluxes of the electrical displacement vectors and the excess charges 
are determined by the equations: 


= VG (h &k); | 

h=1 

1 (1) 
146 =Y) dew (heh). | 
h=1 


The excess charges on the bodies can also be determined from the equations 
containing the partial capacities: 


oe y) Cun Pp Prd (h #R). (2) 


ti 


To equations (2) there corresponds an equivalent circuit in the form of a 
closed network (Fig. 2), the elements of which are condensers equal to the partial 
capacities of the system of bodies. 


This network may be regarded as analogous to the system of n bodies in the 
sense that if to each body there corresponds a given node, and if the excess 
charge on each body equals the sum of the charges on the plates of the conden- 
sers connected to the node representing that body, the potential difference 
between any two bodies will be identical to the potential difference between the 
nodes corresponding to those bodies. On the other hand, if the potential dif- 
ferences between nodes and between the bodies to which they correspond are 
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equal, then the excess charge on each body will equal the sum of the charge on 
the plates of the condensers connected to the node representing this body. 


Another system of indices is sometimes used in literature to denote the 
partial capacitances. It is normally used in those cases when the fields of bodies 
are considered in the presence of the earth. The earth is regarded as the (n + 1)th 
body, of infinitely large size and at zero potential [1, p.85]. In this case the par- 
tial capacities of the bodies relative to earth are denoted by two identical indices 
(C;,;,) and are called self-capacities, whereas the other partial capacities (C;;,) 
are called mutual. 


Since the set of bodies under consideration need not include a body of in- 
finite size and the potential may be taken as zero at any desired point, the partial 
capacities will not be divided into self and mutual in this paper. It should be 
noted that the index system has no effect on subsequent deductions. 


From equations (1) and (2) if follows that 
n n 
y Ven = ¥ Cun (Pe — Pp)? (AFR). 3) 
h=1 hel 


However a number of authors consider that there is also a further relation- 
ship, as follows: 


P ph = Van = Con (Pe — P)- (4) 


This is equivalent to the assertion that the partial fluxes of the electrical 
displacement vectors are numerically equal to the corresponding terms on the 
right hand side of equations (2), i.e. to the charges on the corresponding conden- 
sers in the equivalent circuit. 


For example, it is stated [1, p. 86] that the separate terms on the right hand 
side of the equations containing the partial capacities determine the respective 
parts of the displacement fluxes emanating from the charged bodies. Thus, for 
example, that part of the flux emanating from the first body equal to C,, (u, — 0) 
represents the total number of unit tubes of flux passing from the first body to 
the surface of the earth. Another part of the same flux, equal to C,, (U, — U,) 
represents the total number of unit tubes of flux passing from the first body to 
the second and so on. In fact, a similar assertion is made in (23:31. 


No less definite statements are found in foreign publications. For example 
in [4] formulae are given for calculating the partial capacities in the equivalent 
circuit, which correspond to relationship (4): 
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<<“ This relationship is illustrated in Fig. 3 taken from [4] *. 


We shall show that this point of view is erroneous. We assume that the me- 
dium is uniform, the sum of all the charges on the bodies is zero, all the sur- 
faces S;, are smooth and none of them completely encloses any other surface. 


Under these conditions the following propositions may be established for a 
system of n charged bodies. 


1. On the surfaces of the bodies which have a maximum or minimum potential 
in the given field, the values of the modulus of the electrical displacement vec- 
tors exceed some positive number. The validity of this proposition follows from 
the general theory of harmonic functions [5]. 


2. None of the partial capacities is zero. This corresponds to the Maxwell 
proposition [6] that the mutual electrostatic induction coefficients of a system of 
bodies are negative if the condition is observed that none of the surfaces complete- 


ly encloses any other surface. 
The second proposition is easily derived. 


In fact, the partial capacities are equal to the mutual electrostatic induction 
coefficients, with the signs reversed. To determine the partial capacities C;,,, 
relating to body k, it is necessary, for example, to impart to it a potential of 
$3 and to the remaining bodies a potential of d, equal on them all, but such that 
?, #,- Then, in accordance with the first proposition, all the charges dj), will 
differ from zero. 


In these conditions, we have for the partial capacities: 


Gh >0 


Cpe 
kh ftp 


Without disturbing the general nature of the proof, we shall further consider 


fields in which the bodies, except k and h, can be replaced by a single body 
> (Fig. 4). 


* Fig. 3 (also corresponds to Fig. 4-9, in[Q]. 
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The method of proof will be by reductio ad absurdum. Assume that equation 
(4) is valid whatever potentials the bodies are at. Take the case when the poten- 
tials are different for each body, i.e. 


dn FPS by whilst bd, > dy and d;, > ds- 


Since none of the partial capacities is equal to zero, the following picture 
must be set up of the flux distribution. Two partial fluxes emanate from the sur- 
face of each body, whilst the total number of partial fluxes is equal to three, 
since| wy, | = | wp, |-The partial fluxes emanating from the body with a potential 
intermediate between those of the other two will clearly have opposite directions 
relative to the normal direction outwards from the surface of the body in question. 


The selected potential distribution can be regarded as resulting from the 
superimposition of two conditions, shown schematically in Fig. 4a, b, the values 
e’ and e” of the e.m.f. being taken as follows: 


a 9, = Ps ev= 9, — 9,. 


In each of these cases two bodies in the system are at the same potential, 
and consequently there is no partial flux between them. 


According to the first proposition, it follows that for any value of (¢, — dy) 
a value of (6, — dy) can be found such that the value of the modulus of the 
electrical displacement vectors at any points on the surfaces S; and S; will be 
greater for the condition of Fig. 4b, than for that of Fig. 4a. In that case, after 
superimposition, the electrical displacement vector will not change direction re- 
lative to the normal direction outwards from one of the surfaces; in other words, 
the flux distribution corresponds to Fig. 4c, and is not in accordance with the as- 
sumption made. 


Thus on the bases of equation (4) we have reached a contradiction ,proving 


that this equation is not valid. 


The result obtained is to some extent analogous to those obtained in con- 
sidering the magnetic field due to a number of current-carrying coils [7, 8, 9]. 
The idea existed earlier that the dispersal fluxes, figuring in transformer cal- 
culations, can be found directly from the picture of the flux -coupling of the 
resultant magnetic field. In actual fact, there is generally no correspondence 


between the real partial flux distribution and the representation of the separate 
dispersion fluxes. 


The use of an equivalent circuit makes the calculations easier. Having found 
the partial capacities by one method or another and built up from them the equi- 
valent circuit, it is possible to calculate the input capacities on the part of any 
two bodies, to find the distribution of excess charges and potentials on the 


bodies and so on. All the calculation methods for electrical networks are appli- 
cable to the equivalent circuit. 
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The partial capacities can be found from equations (2), in which the values 
of the excess charges and potentials are substituted. Since the total number of 
unknown capacitances in /4n (n — 1), whereas only (mn — 1) equations correspond 
to each condition, it is necessary to consider a number of conditions which can 
be the most convenient. 


In the special case when the charges on all the bodies other than k are 
equal, the value of the charge on these bodies is numerically equal to the elec- 
trical displacement vector flux. For each such condition, the partial capacitances 
relative to body k are found directly from equation (4). 


Calculation of the stationary field of the electric current in a system of 
electrodes in a conducting medium is carried out in an analogous manner, if it 


is assumed that the electrodes have infinite conductance. Since there is an ana- 
logy between current fields and charge fields, such fields can be used as models 


for each other; the analogues of the electric displacement vector fluxes will be 
the currents flowing in the conducting medium, the partial conductances will 
correspond to partial capacities, and so on. Consequently, all the preceding 
arguments relating to partial capacities and fluxes can be related to partial 
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conductances and currents. The equivalent circuit in this case will be a closed 
network in which the node potentials correspond to the electrode potentials and 
the elements are partial conductances. 


Example Consider the plane-parallel electrostatic field of four circular con- 
ductors (Fig. 5). Assume that all the conductors have the same cross-section, 
and that their centres are at the corners of a rectangle. All values will relate to 
unit length of the conductors in a direction normal to the plane of Fig. 5. The 


medium is taken to be uniform. 
In this case, equations (2) take the form: 


1 >= CH (dy = a) + C,, (A, as ps) + Cy, (dy = h,)s 


© 0) @ 6) 6:0; od Ore 0 re oe 6 Bh 4e| Ome 6 8), Ome Os « #6 ww (6 oe im 


whilst none of the partial capacities is equal to zero. 


We shall study the condition in which: 
$1=G.= 5 
3=Ps=—P- 

In this condition the line of symmetry O-O is the intercept of the equipo- 
tential surface, whilst the line of symmetry O’-O’ is the intercept of the surface 
of equal electrical displacement vector flux. Since there can be no unit tubes of 
displacement.across the line O’-O’, the resultant field contains only two partial 
fluxes, equal in magnitude: 


LP ae q= (C,,+ C;5) 2 d : 


If the formulae (4) are assumed correct, then, for example, to calculate the 
partial capacity C,, we have: 


Wig gd eee es 


Thus the error in calculating C,, from formula (4) is determined by the value 
of the partial capacity C,,. 


Translated by E. Bishop 


REFERENCES 
1. L.P Neiman and P.L. Kalantarov; Teoreticheskie osnovy electrotekhniki (Theoretical 
Principles of electro-technology ), Ill, 4, Gosenergoizdat (1954). 


2. G.V. Zeveke and P.A. Ionkin; Osnovy elektrotekhniki (Principles of Electro-technology) 
1, Cosenergoizdat (1955). 


3. A.V. Netushil and K.M. Polivanov; Osnovy elektrotekhniki (Principles of Electro- 
technology), 3, Gosenergoizdat (1956). 


4. E. Weber; Electromagnetic Fields, New York, ] (1950). 


5. As ‘fol Kurs vysshei matematiki (Course of Higher Mathematics ) GITL IV, 3 
1953). 


6. Maxwell; Electricity and magnetism, Oxford, 1 (1904). 


Electrodes and the resultant field 


7. Hemmeter; A. f. E., 32, 167 (1927). 
8. E.G. Markvardt; Elektromagnitnye raschety trans formatorov (Electromagnetic 
Transformer Calculations), ONTI (1938). 


9. E.A. Meerovich; “On the problem of electromagnetic dispersion in transformers”, 
Izv. ENIN Akad. Nauk SSSR, 1, 1-2 (1935). 


1 


THE HEAT EMISSION OF RECTIFIER STACKS 
MADE OF LARGE SELENIUM CELLS* 


F.F. SOKOLOV 


Scientific Research Institute of Cinema Photography 


Special thermal tests have been carried out here to calculate the heat emitted by 
rectangular selenium plates of large dimensions, particularly under forced-draught 
cooling; the results of these tests are given below. 


Method of testing 


The cells were heated by losses of forward currents when passing d.c. through 
the stacks, The stacks consisted of cells specially selected in order as far as pos- 
sible to exclude non-uniform heating owing to differences in cell characteristics. 
Losses were measured by the voltmeter-ammeter method. The excess heating was 
measured by copper-constantan thermocouples soldered to the cells (the mean of six 
cell-stacks). The excess heating was measured 15 mm from the upper edge of the 
cells (the point of maximum heat of a cell). Where cooling was natural, the stacks 
were set 150 mm above the test-bench. With forced-draught cooling, the stacks were 
set up in a container-duct of cross-section 365 x 312 mm. An electric motor and fan 
were installed at the top; the cooling air velocity could be regulated over a wide 
range. The stacks were installed in such a way as to fill the entire cross-section of 
the container. The air velocity was measured by vane anemometer in the bottom 
opening of the container. These tests were reduced, when processing the results, 
to the air velocity between the cells. 


Natural cooling 


Tests were made on stacks of selenium cells, 6 to 18 mm apart, on 100 x 200 
and 100 x 300 mm aluminium base-plates. The heat emission data were determined 
for cell excess temperatures of from 0 to 40°C, and with a surrounding air tempera- 
ture of about 20°C. All the thermal regimes were repeated for two stack positions: 
“vertical” (the long side of the cell being vertical) and “horizontal” (the long side 
horizontal). The experimental data obtained are given in Figs. 1 and 2 in the form of 
graphs for the relationship between 7, the excess heating of the cells and the specific 


* Elektrichestvo No. 1, 58 — 63, 1958[ Reprint Order No. EL 47]. 
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losses q (W/dm?). 


Analysis of the results obtained enables us to draw the conclusion that the heat 
emissivity of the rectangular cells tested is better than the known data for circular 
cells [2, 3, 4]. The improvement in heat emission should be attributed primarily to 
the difference in materials: the data for circular cell-stacks were mainly obtained 
when testing rectifiers on steel base-plates; in my case aluminium plates with better 
heat-conductivity were tested, this reducing the amount by which the most heated 
parts of cells (at the top) were overheated, while somewhat raising the overheating of 
the less-heated parts. In addition, the parameter of rectangular cells is greater than 
that of circular cells and, as we know, the regions of a cell close to the periphery 
are the more effective as to heat emission [3]. 


For the purpose of generalization, the experimental data on the heat emission of 
stacks of rectangular cells were expressed in dimensionless form [5]. The logarith- 
mic coordinate curve in Fig. 3 expresses the graphical relationship of the Nousselt 


. number: 
ab 
Ni= oe 
to the product of the three numbers: 
The Grasshof : ge Baber. 
=; 
The Prandtl : Pr == 
and the dimensionless number: ; 
H ’ 


where a is the coefficient of heat emission of the surface of the cell, (kcal/m?/hr/°C); 
d is the coefficient of heat conductivity , f the cooling medium, (kcal/tm/hr/°C); 

Bis the coefficient of volumetric expansion of the cooling medium (/°C); 

v is the coefficient of kinometric viscocity of the cooling medium (m?/sec); 

a is the coefficient of temperature conductivity of the cooling medium (m?/sec); 

g is the gravitational acceleration (m/sec?); 

b is the gap between cells (m); 

and H is the cell height (m). 


A temperature of 35° was taken as the specific temperature, in making calcula- 
tions for the physical constants used in the numbers; this temperature of 35° corres- 
ponds to 30°C mean excess cell temperature and a surrounding medium temperature 


of 20°C. 
If we substitute the following values for the constants: 


a= 00225; B=, va l71:10-8; . a=2.33-10-5 


and for the convenience express b and H in mm and a in W/dm?/°C, the equations for 


calculating the numbers are simplified : 


Nu =38.82ab6; (1) 
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FIG. 1. The heat emission of 100 x 200 mm selenium cells, naturally cooled in 
stacks with different gaps (b is the gap between cells). (a) vertical and 
(b) horizontal cell arrangement. 
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FIG, 2. The heat emission of 100 x 300 mm selenium cells, naturally cooled in 
stacks with different gaps (b is the gap between cells). (a) vertical and 
(b) horizontal cell arrangement. 


Nu = 3.82 a8 
b 0.08964 
Gr Pr 7=— (2) 


The curve in Fig. 3 is drawn according to equations (1) and (2) by substituting 
the values for b, H, r and a = q/r from the curves in Figs. 1 and 2. 


It is clear from the curve that the results of my tests on stacks with cells of 
dimensions 100 x 200 and 100 x 300 mm (in the vertical and horizontal positions) 
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FIG. 3. Heat emission of selenium stacks composed of rectangular cells naturally cooled, 
in numerically generalized arrangement. 


6-18 mm apart fit quite well on one curve (the error does not exceed 10-12 per cent). 
This result may be counted fully satisfactory particularly if we take into account that 
in the preceding analysis the proportion of the heat emission falling to radiation was 
not deducted,* for convenience in making use of the data obtained, and also that the 
test results combined by processing were obtained using selenium stacks which 
differed considerably in geometrical dimensions. 


The generalized relationship represented in Fig. 3 can clearly be applied suc- 
cessfully to other stacks composed of rectangular cells of dimensions almost the 
same as those of the tested stacks, and with any gap encountered in practical cases 
in calculations for separated stacks cooled naturally. The generalized relationship 
obtained may also be applied in principle to cases of the heat emission of stacks in 
other mediums, for example in oil (by substituting appropriate values for the physical 
constants in the dimensionless numbers). 


When the stacks are arranged in any specific layout (in a housing, together with 
other parts, several stacks beneath one another, etc.) the heat emission conditions 
obtained for separately arranged stacks (Figs. 1-3) may alter substantially. In these 
cases other methods for the thermal calculation [3], and the data obtained with 


forced-draught cooling, should be used. 


* Specially conducted experiments have shown [3] that 12-16 per cent of the total heat 
emission fell to radiation in selenium stacks with natural cooling. The assumption made 


for the excess temperatures in the narrow range in which I was interested is therefore 
fully justifiable. 
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Forced draught cooling 


Stacks of 100 x 300 mm cells were tested in two series. In the first series 
(Fig. 4a) the stacks were arranged with the long sides of the cells vertical, tests 
being carried out with gaps of 6, 12 and 18 mm between cells. In the second series 
(Fig. 4b) the stacks were arranged with their long sides horizontal, tests being 
carried out with a gap of 12 mm between cells, but for one, two and three stacks 
arranged above one another (stacked); the excess heat was measured for the cells 
in the upper stack. 


Tests were carried out with air velocities up to about 5 m/sec. The data ob- 
tained were processed in the form of the graphical relationship between the heat 
emission coefficient a and the air velocity between plates w. Tests were made for 
stack excess temperatures of close to 30°C and at surrounding air temperatures of 
about 20°C. 


The test-results show that the coefficient of heat emission for identical cooling- 
air velocities depends to a great extent on the gap between cells (Fig. 4a), the height 
of the cell (comparing the mean curve in Fig. 4a and the upper curve in Fig. 4b) and 
on the number of stacks set one above the other (Fig. 4b). 


The conclusion can be drawn, from analysis of the experimental data obtained, 
that the heat emission data obtained for stacks of cells 300 mm high can also be 
applied to stacks of cells of different heights if a correction is made for the excess 
heating of the cooling air corresponding to the difference between the cell heights. 


Let us examine the thermal balance of a rectifier cooling-channel under set conditions. 


The thermal energy liberated into the channel from the walls of the cells (per 
unit of cell width), = Pan: 


the same energy is carried away with the cooling air 


Q =beyc , Ty, 
whence 
2qH 
t= 5 ; 
WYC , 


where q is the specific loss in the cells (W/dm?), H is the height of the cell (mm), 
7, is the mean excess temperature of the air in the cooling channel at height H (°C), 
b is the width of the cooling channel (mm), @ is the velocity of the cooling air 
(m/sec), y is the specific gravity of the air (kg/mm’), and Cp is the thermal capacity 
of the air in kcal/kg /°C. 


Substituting the values y = 1.164 and Cp = 0.242, and taking 1 kcal/sec as being 
equal to 4184 W, we get: 


0,17q9H 

Sac (3) 
If an, the coefficient of heat emission of the cells, is known by experiment (for 

example from Fig. 4b) for a given stack of cells of height Hy for any conditions, and 


yt 
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FIG. 4. Heat emission of forced-draught air-cooled selenium stacks of 100 x 300 mm 

rectangular cells. (a) “vertical” stacks with 6, 12 and 18 mm gaps b between cells 

(the dotted curves are calculated heat emission curves for stacks of heights H = 200 

and 400 mm with a 12 mm gap b between cells); (b) “horizontal” stacks with 12 mm 

gaps b between cells; stacks arranged in Ist, 2nd and 3rd levels (the dotted curve is 

that for the heat emission of a stack of height H = 100 mn, calculated by equation 
(5) from data for a stack of H = 300 mm). 


so for any given specific load q, we also know the excess temperature of the cells 
CE baraar et (4) 


then the excess temperature of cells of height 1 can be found for the same load q 
from (3) and (4) as follows: 


0,17q (Him — Hn) 
bw 7 


sees q 
se =7, 0mm) = vai a 
n 


where Ty(m-n) is the excess temperature of the cooling air in the rectifier channel at 
a height H,,-H, above the lower edge of the cell. 


Consequently the coefficient of heat emission for cells of height H,, 


Bee ite ai | 
Se cig8 To hee, Him Ha 2 
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Equation (5) enables us to determine the coefficients a,, for stacks of height 
H,» which may be either less or more than H,, from the coefficients of heat emission 
ay, obtained experimentally for stacks of height Pye 

Heat emission curves are drawn according to this equation in Fig. 4a, from data 
for stacks of height 300 mm, for stacks of cells 200 and 400 mm in height (the gap 
b = 12 mm, the dotted curves). To confirm the correctness of these calculations, a 
heat emission curve is drawn in Fig. 4b from the same data for a stack with cell 
height 100 mm (dotted); this curve coincides extremely well with the experimental 
curve (unbroken lin e) obtained with cells of height 100 mm. 


Equation (5) does not take into account the phenomenon of thermal conductivity 
in the body of a cell which, generally speaking, should also be taken into considera- 
tion when determining the relationship between heat emission and height of cell. 
However, as specially conducted experiments showed, this factor is not of great im- 
portance. Fig. 5 shows isotherms (lines of identical excess temperature) foraselenium 
cell on an aluminium base of dimensions 1 x 100 x 300 mm, in a stack with 18 mm 
gaps, with an air velocity of 3.6 m/sec, specific load of 9.8 W/dm? and surrounding 
air temperature of 22°C; the isotherms are drawn for the excess temperatures measured 
at 10 points on the cell (see the measurement points on Fig. 5). The temperature 
gradient, with a general downward direction, is clearly visible in the illustration; 
however, calculations show that the levelling effect of the thermal conductivity is | 
not great, owing to the small thickness of the cell, and may be ignored. Thus only q 
about 2.4 per cent of the heat liberated above the line AA is transmitted downwards 
across the section AA, and correspondingly less than 2 per cent across the section 


BB. 


On comparing the mean curve in Fig. 4a (single level arrangement, gap 12 mm, 
height 300 mm) with the lower curve in Fig. 4b (the same gap of 12 mm but three-level 
arrangement, and total height also 300 mm), it can be concluded that, other things 
being equal, for a multi-step arrangement the coefficient of heat emission is somewhat 
reduced (by roughly 10 per cent in the given specific case). To some extent the reason 
for this is the difference noted above in the heat conductivity conditions in the body 
of a cell; in addition very probably there are other factors which I have not examined 
connected with the conditions under which the air flows in the channels between cells 
(stagnant zones, etc). 


On analysing the particular experimental relationships, given in Fig. 4, between 
the coefficient of heat emission and parameters such as cell height, width of gap be- 
tween cells and number of levels, it is easy to satisfy oneself that for a given air 
velocity these relationships are of an almost linear nature and therefore lend them- 
selves well to interpolation for other close values of the parameters. The data ob- 
tained can thus be used in the thermal calculations for rectifiers of the most varied 
designs, also in the comparative analysis of different types of rectifier for different 
specific cases. 


Let me give an example to illustrate the use of the heat emission data obtained 
for forced draught cooling. The cost and dimensions of very powerful selenium recti- 
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FIG. 5. Excess temperature isotherms 

for a selenium cell on an aluminium 

base, dimensions 1 x 100 x 300 mm, 

in a stack with 18 mm gaps, air ve- 

locity 3.6 m/sec, specific load 9.8 

W/dm?, surrounding air temperature 
220.6% 


fiers are the most important characteristics of 
their design. 


We can assume as a first approximation that 
the cost of a rectifier is directly proportional 
to the area S of the selenium cells; this can 
easily be expressed through Q, the losses in 
the rectifier or, if we introduce 7 the efficiency 
of the rectifier, through the rectifier output 
power P (et): 


«a (6) 


It follows from this that for a given rectifier 
output P the area of the cells, and also the 
cost of the rectifier, are in inverse proportion 
to a, the coefficient of heat emission (since 7, 
the excess temperature of the cells, and 7 are 
given by the technical data for the selenium 


cells). 


Turning to the rectifier dimensions, it can 
be affirmed that, besides the height, the plan 
area of the rectifier is of particular interest, 
for with forced draught cooling this area deter- 
mines the fan output, and to a great extent its 


dimensions and power.* 


Fig. 6 gives a network of intersecting curves 
drawn from the data in Fig. 4a and compiled 
using equation (5), showing how the height of 
the cells H and the gap between cells b affects 
alterations in a, the coefficient of heat emission 
for the cells, and A, the “field” coefficient of 
heat emission; A is expressed by: 


2H 
A=-~ 
656+ 06’ 


where 6 is the thickness of a cell, usually 1mm 
for large cells. 


* Losses due to friction are usually low in the 
general fan pressure balance; fan power is there- 


fore little dependent on the height of the cells. 
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For specific losses, or from output power and efficiency, the coefficient A en- 
ables us easily to determine the area of the field occupied by a rectifier (its vertical 


projection), S,(dm?) : 
(W/dm?.°C) 
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FIG. 6. Relationship of a, the co- 
efficient of heat emission, and A, 


the coefficient of specific load 
ofthe rectifier vertical projection, 
to b, the gap between cells. 


creasing the gap 5; this is equivalent to 


load (the coefficient 4) without materially reducing the utilization of the elements 


(the coefficient a). 
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Thus the graph in Fig. 6 has ordinates a 
which are in inverse proportion to the area i 
of the cells (and so to their cost); the 
abscissae A are in inverse proportion to the 
vertical projection area of the rectifier; these 
facts facilitate selection of the most accept- 
able compromise between these parameters of 
with relation to the specific requirements 4 
in the case of calculations for different 
rectifiers. 


It is also quite evident from Fig. 6 how + 
important it is to use large-dimension cells 
when constructing powerful rectifiers; for rs 
acceptable rectifier dimensions can only be : 
obtained by increasing the height of a 
rectifier (or by increasing the number of 
levels which is, however, worse than was 
shown in Fig. 4) and simultaneously in- 
sufficiently increasing the specific field 
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THE USE OF 220 kV LINES WITH SPLIT CONDUCTORS * 
A.N. ZEILIGER and B.P. NOVGORODTSEV 


Leningrad Teploelektroproekt. Department ** 


(Received 4 October 1957) 


This article presents the results of the technical and economic comparison of 220 
kV lines with split conductors and transmission lines of the same voltage without 
split conductors. *** 


As we know, there are two purposes in splitting the conductors in 220 kV 
lines: (1) to increase the carrying capacity of long-distance lines when the trans- 
mitted power is limited by voltage drop or by their stability limits; (2) to reduce 
the number of parallel lines when the rated load of one line exceeds the economic 
load of the maximum gauge single conductor available. 


In the first case, a single large Section conductor is replaced by two or more 
conductors of smaller section with the same total conductor section per phase. In 
the second case, the single conductor is replaced by two or more conductors whose 
total cross-section per phase exceeds the maximum cross-section of the single 
conductor. In the first case the reactance of the line can be reduced at the ex- 
pense of making its mechanical part somewhat more costly; carrying capacity is 
thereby raised. In the second case the reactance of the single line with split con- 
ductors and the reactance losses in it are considerably higher than in lines con- 
sisting of the corresponding number of parallel lines containing single conductors 
of the same total cross-section. 


However, the splitting of conductors is not the only method of ensuring the 
required electrical transmission properties. Increase in the carrying capacity and 
reduction in the reactance losses in long-distance lines may also be obtained by 
the use of compensating installations; reduction in the number of parallel lines 
may be achieved by the use of double-circuit lines. In view of this, the question 
of the expediency of using split conductors for 220 kV electric power transmission 


* Elektrichestvo No.2, 9-12, 1958 [ Re print Order No. EL 48]. 
+* “Teploelektroproekt”: “Electric Power and Heat Generating Project”. 


*** The article has been compiled from the results of work done by the authors with 
K.P. Kriukov and S.N. Ruzanov at the Leningrad Teploelektroproekt De partment. 
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lines in different cases must be solved on the basis of the technical and economic 
comparison of different transmission line design variants. In this comparison, the 
following must be taken into account as well as the cost of the mechanical part 

of the line: the cost of the compensating installations installed on the power line 
itself, or in the power transmission system, to compensate the additional reactance 


and reactance losses, where a line of high reactance is used. 


Analysis of the problem of the expediency of splitting conductors has been 
made for three groups of 220 kV electric power transmission lines. The first group 
comprises lines whose total conductor single phase cross-section is (for aluminium) 
480 mm?. The economic load corresponding to this cross-section is about 200 MVA 
at an economic current density of 1 amp/mm?. Single circuit lines with single 
ASO-480 conductors and split 2 x ASO-240 conductors belong to this group. The 
second group comprises lines of a total conductor cross-section of 960 mm? (econ- 
omic load about 400 MVA). Single circuit lines with 2 x ASO-480 split conductors 
and double circuit lines with single ASO-480 conductors belong to this group. The 
third group comprises lines of a total conductor cross-section of 1920 mm? (econ- 
omic load about 800 MVA). Double circuit lines with 2 x ASO-480 split conductors 
belong to this group. 


Calculations for the supports and foundations for all these lines have been 
made for climatic regions | and II. The rated wind velocity was taken as 25 m/sec. 
The wind velocity in the zone 30-50 m above the earth was taken as 110 percent 
of the velocity in the first zone. The supports were made of type St-3 steel and 
low-alloy type NL-2 steel. The latter was used in every case where it resulted in 
reduction of the weight of the support. The stresses permitted for the type St-3 
steel were, according to the Rules for the Construction of Electrical Engineering 
Installations, with the emergency stress permitted for intermediate supports, re- 


duced to 2000 kg/cm?. 


The permitted tension, compression and bending stresses in NL -2 steel 
components were taken as being: for normal conditions, 2250 kg/cm?, and for 


emergency conditions 2600 kg/cm? SAREE supports), and 2800 kg/cm? (inter- 
mediate supports). 


The normal condition support plans were made in accordance with the Rules 
for the Construction of Electrical Engineering Installations. The conductor break- 
ing stress at intermediate supports was reduced for lines without split conductors 
to 0.75, and for lines with split conductors to 0.6 times the reduced breaking stress | 
for the full phase. This reduction was taken into account in making the calculations | 
for all the types of support, except the “barrel” type twin-circuit support which was | 
supplied until the relative MES Technical Directorate instruction came into force. 

| 


Twin-circuit “barrel” type supports were designed for the total reduced conductor 
breaking stress. 
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In cases where breaking conductors may fall on to part of the support struc- 
ture, it was specified that supports with releasing terminals were to be reinforced 
by clamping terminals. 


When comparing lines with releasing and clamping terminals, it was taken into 
consideration that the distances between the anchorage supports of the former 
must not exceed 10 km; the distance between anchorage supports in the second 
case is unlimited; ie., supports of the anchorage type are only used for important 
crossings. 


When designing the foundations, a pressure of 2 kg/cm? on the ground, ground 
weight of 1.6 tons/m? (when calculating for excavation) and 1.8 tons/m° (when 
calculating for compression) were allowed. It was assumed that the ground water- 
level was below the base of the foundation and that the angle of slope of the 
ground was less than 35°. Concrete type 200 was used for built-up foundations. 


The most economic variants for the construction of the different types of 
lines (single circuit or double circuit with single or split conductors) were taken 
for comparison. 


The development work by Teploelektroproekt showed that the most suitable 
metal supports for double-circuit 220 kV lines are supports of the “barrel” type 
with clamping terminals, made of low-alloy steel. According to the working draw- 
ings, the weight of an intermediate support with clamping terminals is only 375 
kg, or 5 per cent, greaterthan that of an intermediate support with releasing ter- 
minals. This is explained by the fact that normal conditions are assured when 
calculating for the support body cords, and therefore, the assortment of body 
cords is identical in both cases. For the lattice-work of the body, conductor 
breaking conditions in clamping terminals on the upper cross-arm are taken for 
calculations in the case of releasing terminals, and conductor breaking conditions 
in clamping terminals on the middle cross-bar in the case of clamping terminals. 
Since the number of anchorage supports is lower on lines with clamping terminals 
than on lines with releasing terminals, practically identical weights of metal are 
used per kilometre of line in both cases. The greater reliability of lines with clam- 
ping terminals during operation forces us to give preference to this type of line. 


Till recently “wine-glass” or “hinged portal” type supports were used for 
single circuit 220 kV lines. However, the work by Teploelektroproekt on develop- 
ing new types of support, designed for the suspension of type ASO-480 zero con- 
ductors in climatic regions I and II, have proved that the Crimea type support is 
the most economical. The use of low-alloy steel for these supports considerably 
reduces the amount of metal used, while the use of this steel for 220 kV portal- 
type supports provides practically no economy. 


The weights of intermediate supports for the three types compared and the 
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amounts of metal and concrete used per km of line are given in Table 1. 


The foundation reinforcement is included in the amount of metal used per kilo- 
metre of line. The amounts of metal and concrete used are taken for the most 
economical variants of the lines (those on “hinged portal” and “wine-glass” type 


supports with releasing terminals, and those on Crimean type supports with clamp- 


ing terminals). 


TABLE 1 


Weight of Material used per km of line 


support (kg) 


Type of support 


with with 


releasing 


Calculated 


span 


clamping metal (tons) concrete (m°) 


terminals 


terminals 


17.8 
8.5 


“Hinged portal” 
“Wineglass” 
Crimean 


It was also established, when developing supports for single circuit lines 
with split conductors, that Crimean type supports are the most economical. We used 


16.7 tons of metal and 10.6 m° of concrete per kilometre of line on Crimean type 
supports, 21.7 tons and 15.5 m* respectively per kilometre of line on “hinged por- 
tal” type supports, and 22.4 tons and 15.0 m° respectively per kilometre of line on 
“wineglass” type supports, using A-P type anchorage and corner supports. 


We will now therefore compare single circuit lines on Crimean type supports 
and double circuit lines on “barrel” type supports. It is conditionally assumed 
that all the lines being compared have the following: intermediate supports with 
clamping terminals, 90 per cent; intermediate corner supports (2- 20°), 5 per cent; 
and corner supports (20-60°), 5 per cent. K, the coefficient of utilization, is taken 
as being 0.9 for all the lines being compared. 


Fig. 1 provides a schematic representation of the supports of the lines being 
compared. Table 2 gives the technical and economic figures. The costs per kilo- 
metre of line are given in comparative figures. 


It is evident from comparison of lines in the first group that a single circuit 
line with single type ASO- 480 conductors (line (a}) is cheaper than a single 
circuit line with split conductors of type 2x AS-240 (line (b)). This is explained 
by the fact that the wind pressure on the line and the sag of the conductors in 
line (b) is higher than in line (a), leading to reduction in the economic span and 


The use of 220 kV lines with split conductors Ml 


an increase in the metal and concrete used per kilometre in line (b), and therefore 


to an increase in the cost of this line per kilometre. 
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FIG.1. Schematic representation of the supports of the 
lines being compared. 


TABLE 2 


Line Expenditure per Cost of 
lettering Conductor Supports Calculated km of line 1 km of 
(see Fig. 1.) types span (m) line 
(1000 
Metal | Concrete roubles), 
(tons) (m3) 


Line (a) ASO - 480 Crimean type 154.8 

Line (b) 2 x AS-240 Crimean type 172.8 

Line (c) 2 x ASO-480 | Crimean type 246.3 

Line (d) ASO - 480 “Barrel” type 962.7 
(narrow body) 

Line (e) 2 x ASO -480 | “Barrel” type 383.3 


(wide body) 
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[It should be noted that comparisons between single circuit lines with single 
and split conductors made abroad have produced the same results. For example, 
it was established in Sweden that a single circuit 220 kV line with split conduc- 
tors is 18 per cent more costly than a single circuit line with single conductors. 


The total wind pressures on the conductors of single circuit lines with 
2x ASO- 480 split conductors (line (c)) and on those of double circuit lines with 
single ASO- 480 conductors are identical, since in both cases six conductors of 
the same type are suspended from the supports. However, the double circuit sup- 
port is heavier than the single circuit support, owing to its greater height and 
greater number of cross-arms. The amount of metal used for 1 km of double circuit 
line is therefore greater than that for 1 km of single circuit line. More concrete 
is used for double circuit lines, also because of the greater height from which the 
conductors are suspended and their consequently greater moment. Thus, the double 
circuit line with single conductors is more costly than the single circuit line with 
split conductors. 


It was stated above that the double circuit supports examined were calculated 
for total reduced conductor breaking stress, and Crimean type supports for 0.75 
times the reduced stress. When converting to the new calculation conditions, the 
weight of the “barrel” type intermediate supports is reduced, and in consequence 
the difference between the costs of the lines being compared becomes less. 


It should be noted that single circuit lines with split conductors are only 
cheaper than double circuit lines with single conductors in cases where Crimean 
type supports with a triangular arrangement of conductors are used. Single circuit 
lines with split conductors on portal-type supports, with the conductors horizontal- 
ly arranged, are more costly than double circuit lines on “barrel” type supports. 


Of the lines in the third group, with a total cross-section of the conductors 
of 1920 mm? per phase, we can compare a single double-circuit line with split 
conductors on wide-bodied “barrel” type supports (line (e)), with two single cir- 
cuit lines with split conductors or two double circuit lines with single conductors. 
The amount of metal used for one double circuit line with split conductors is 17 
per cent less than the amount used for two single circuit lines, and 35 per cent 
less than that used for two double circuit lines; the amounts of concrete used are 
respectively 27 and 38 per cent less, and the costs 22 and 26 per cent less. 


In order to make a full technical and economic comparison of the various 220 
kV lines, taking into account the expenditure on compensating installations, a 
number of factors for 220 kV lines with single and split conductors are given in 
Table 3. The line reactance losses were determined, starting from the utilization 
factor, in accordance with the economic current density at an average voltage level 


of 230 kV. 
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It is evident from Table 3 that, for identical rated loads, the reactance losses 


are different for the lines being compared. 


The vast majority of present-day electric power systems have no excess re- 
active power, and each increase in the line reactance losses makes it desirable 
as a rule to install additional compensating devices of corresponding capacity. 
Table 3 provides the capacity of the additional compensating devices which must 
be installed, to ensure identical reactive power equalization, on the electric 
power lines under comparison. The additional compensating installations are as 
a rule installed in the power system receiving-end circuits in the form of syn- 
chronous or static compensators. 


In cases where the reactance of a line must be compensated in order to raise 
its carrying capacity, part of the capacity of the compensating devices may be 
arranged in the form of longitudinal compensation. The use of any system of 
compensation has no effect on the results of the technical and economic com- 
parison, since the total of the compensating device capacities and their specific 


costs are not materially affected in either case. 


Comparison of the economic figures for the lines, taking the expenditure on 
additional compensating devices into account, is made in Table 4. 


Comparison of the lines in Group I shows that, even when the cost of the 
compensating devices is taken into account, the total cost of electric power 
transmission by single conductors is lower than that for split conductors. 


Comparison of the lines in Group II shows that the costs of the additional 
devices for compensating the increased reactance losses of lines with split con- 
ductors cover the difference in the cost of the mechanical part of the lines; in this 
connexion, single circuit lines with split conductors of large section are less 
economic than double circuit lines with single conductors of the same section. In 
addition, double circuit lines with single conductors are more reliable and con- 
venient to operate than single circuit lines with split conductors. Therefore it may 
prove expedient to use single circuit lines with split conductors only in particular 
isolated cases, for example, with the simultaneous installation of two parallel 


lines in power systems with no excess reactive power. 


Comparison of the lines in Group II] shows that the use of double circuit 
lines with split conductors is economically very effective, since it enables us to 
reduce the number of parallel lines. The use of double circuit lines with split 
conductors can be recommended in every case where the transmission of such high 
power on a single double-circuit line is permissible from the point of view of 


power supply reliability. 
CONCLUSIONS 


1. Phase-splitting, on 220 kV lines, into two or more conductors of smaller 
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section, for the purpose of reducing the reactance of lines, is not economically 
justifiable, since a similar effect may be achieved at lower cost by the use of 
compensating devices. 

2. The splitting of each phase of a single circuit 220 kV line into two con- 
ductors of greater section, in order to raise the total conductor cross-section, re- 
sults in most cases in an increase in the total capital outlay, including the cost 
of compensating appliances, in comparison with double-circuit 220 kV lines. In 
view of this, the use of single circuit 220 kV lines with split conductors of larger 


cross-section is not as a rule expedient. 


3. The use of double-circuit 220 kV lines with split conductors of large cross- 
section is economically justifiable, since the capital expenditure for erecting such 
lines is considerably lower than that for the erection of two parallel double-circuit 


lines with single conductors. 


Translated by J.H. Dixon 


CALCULATIONS OF SHORT-CIRCUITS IN UNBALANCED PHASE 
TRANSMISSION SYSTEMS * 


G.G. KOSTANIAN 


Tbilisi Scientific Research Institute of Building and Hydroelectrics 
(Received 22 June 1957) 


As a result of researches carried out in recent years, calculations of complicated 
asymmetric faults in electrical systems have been materially simplified. Thanks to 
this research, it is now possible to study combinations of any asymmetric faults at 
two points in a system, and in particular combinations of short circuits in systems 
with unbalanced phase transmission [1, 2]. However, calculations of such faults, 
particularly in complex systems with ring connexions, are none the less laborious 
and can be materially simplified if treated as an extension of calculations dealing 
with a fault at one point of the system. 


Actually, all the changes introduced by the second 
fault in each sequence of the circuit can be repre- 
sented, as shown in Fig. 1, by two e.m.f.’s only: 
Ej the e.m.f. at the point of the first fault, and Eye 
the e.m.f. at the point of the second fault. The re- 
sulting components of current and voltage in the se- 


quences of the circuit can be found by superimposing 


FIG. 1. Circuit for any the components calculated for a fault at one point of 
are st a phase the circuit on to the components determined from the 
reak. 


circuit of Fig. 1. This approach to calculations of 
asymmetric faults at two points in a circuit makes it 
possible to use the methods and results already obtained in calculations for 

faults at one point of a circuit; the changes introduced by the second fault are 
taken into account in these circuits by the e.m.f.’s Ey; and Fy;. 


The basic ideas of the proposed method are described below, as applied to the 
calculation of various combinations of short-circuits in unbalanced phase trans- 
mission systems. One of the special types of fault at two points in the system is 
considered, namely various combinations of short-circuit at one point in the system 
with a break on one phase at another point. 


From now on, values referring to the short-circuit branch will be denoted by the 
* Elektrichestvo No.2, 13—18, 1958[ Reprint Order No. EL 49 |. 
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subscript k, those referring to the break branch by y; to the corresponding phases, 
by A and B respectively; to the corresponding sequences, by 1, 2 and 0; and to any 
sequence, by i. The superscript (3) denotes that the value in question refers to the 
case of a three-phase short-circuit; (1.1) to the case of a short to earth on two 
phases; (1) to the case of a short to earth on one phase. 


The problem of calculating the components of the two e.m.f.’s referred to above 
is considerably simplified by the method propesed in this paper of transferring all 
the e.m.f.’s operating in the system to the one branch being studied. 


Consider the relationship between the e.m.f.’s Ey and the current in the branches 
of the passive quadripole shown in Fig. 2. 


In the presence of a single e.m.f. in the branch y - y’, the current in the branch 


k-k’is 


k z r ys (1) 
where 1/z, = gy; 1/z, = 8%, the intrinsic conductivities in branches y-y’ and k-k’ 
respectively; p= gy, = &ky, the mutual conductivity between the branches y-y’ and 
k-k* sa = Bky/ By 3 rea 8yk/ Bk are coefficients. 


The coefficients a, 8 and p are values which are reciprocals of the known co- 


efficients of quadripoles. They depend only on the parameters of the quadripole, and 
are related as follows:- 


ay i (2) 


The coefficient B shows what fraction of the total e.m.f. in the branch y-y’ is equal 
to the e.m.f. in branch k-k’, and what 
fraction of the current in branch k-k’ is 

y ¥ equal to the current in branch y-y’. This 
Fe oy, ; Ke ed ay os 2 oe assumes that the e.m.f. occurs only in 
poy ko ——toy' kot} branch y-y’ and the current source only 
4 (a) Krol, = “ply (b) =, in the branch k-k’. The coefficient a, on 
the other hand, shows what fraction of the 
FIG. 2, Relationships between currents e.m.f. in branch k-k’ is equal to the e.m.f. 
and e.m.f.’s in a passive quadripole, on in branch y-y’ and what fraction of the 
transferring them from one branch to current in branch y-y’ is equal to the cur- 
another. : , 
rent in branch k-k’, 


The transfer of e.m.f. FE, from branch y-y“ to branch k-k’, as shown in Fig. 2, 
does not change the current in branch k-k’. 


As applied to an active quadripole, expression (1) determines the component of 
current due to e.m.f. E,, whilst the full current in branch k-k’ of such a quadripole — 
is found by superimposing the currents due to all the e.m.f.’s (at an e.m.f. E, = 0) on 
to the current due to e.in.f. Ey. In this case, expression (2) and the assumption that 
when e.m.f. Ey is transferred to branch k-k’ the current in the latter is unchanged, 
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are valid not only for the passive quadripole shown in Fig. 1 but also for an active 
quadripole with other e.m.f.’s in its branches in addition to By. 


Extending this to active networks, it can be shown to be valid to account for the 
effect of an e.m.f. in branch n-7n’ on the current in any other branch p-p’ by taking 
E,, from branch n-n’ and transferring the fraction which is numerically equal to 
Enp/ 8p E,, over to branch p-p’, where Enp is the mutual conductivity between 
branches n-n’ and p-p’ and 8p is the intrinsic conductivity of branch p-p’. 


The coefficients B, p and a between the branches containing two faults in the 
circuits of two separate sequences can be measured on a calculating machine, e.g. 
by methods known from the theory of quadripoles, or found from the results of pre- 
vious short-circuit calculations. Below is given only the latter method of determining 
them, as applied to the calculations of a short-circuit with a phase break. 


The circuits and expressions from which to start out in the determination of co- 
efficients Bj, pj and aj for the individual sequences are shown in Table 1. 


The data required for determining the coefficients are taken from the results of 
a calculation of any type of asymmetric short circuit in branch k-k’, in the absence 
of a fault in branch y-y’. 


The coefficients 8; and p; are the most interesting, since they enter into the ex- 
pressions determining Evi and E7,;, whereas the coefficient a; does not figure in 


these expressions. 


Coefficient a; has only subordinate value and serves to simplify the calculation 
of the circuit conductivities of the sequences at the point of phase rupture, which is 
of most importance in calculating complex circuits with ring connexions. 


For example, the sum of the circuit conductivities of all the sequences can be 
determined using this coefficient as follows :- 


Pls as eg arg Le ee 


The sums of coefficients 8; and aj, given in Table 1, merit particular attention; 
to determine them we need the total currents in the phases when one phase is short- 
circuited and the total e.m.f.’s in the phase when two phases are shorted to earth. 
These sums define the connexion between the components of current and e.m.f. in 
the calculations which are to be made. 


The equations relating currents and e.m.f.’s, given in the circuit of Fig. 1, can 
be put in the following form :- 


IS a Le oA E yi : 
Pam 7 ea a al ee (4) 
= AE,; 
Aly lhe (5) 


where ee, and I. are the current components in branches y-y’ and k-k’ after phase 


stems 


ission sy 
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Note: 1. 
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-m.f, currents and frequencies of the generators are excluded from the d 
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sequence circuits, 


2. Phase A is taken as the main phase in the indices. 
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rupture in the sequence circuits; /,;, 14; are the corresponding values before phase 
rupture; 2y;, 2}; are the intrinsic resistances of the branches y-y’ and k-k’ in the 
sequence circtie 


Equations (4) and (5) are valid for each sequence and are not Himited by the con- 
ditions of short-circuit in branch k-k’ or of phase break in branch y-y’. 


As applied to the faults under consideration, F,,; can signify the component of 
e.m.f. at the phase break point and AF;;, Al; and Myvi the changes in the compon- 
ents of e.m.f. and current produced by the phase break. The relationships between 
these values (boundary conditions) are given in Table 2. They are analogous to the 
known boundary conditions characterizing the relationships between the currents and 
voltages in separate sequences with asymmetric short circuits and phase breaks. As 
regards Al;; and AE;,;, they are determined only by the type of fault in branch k-k’; 
Aly; and AE,,; are determined both by the type of fault in branch y-y“ and by the con- 
ditions under which the fault arises. 


Equations (4) and (5) can be limited by the special conditions of various com- 
binations of short-circuits and phase ruptures; for each combination it is necessary 
to solve twelve equations, six of which are given by equations (4) and (5), the other 
six by the special limiting conditions for the short circuit or phase break, as shown 
in Table 2. The simplest solution to this problem is obtained by using the known 
complex substitution circuits in place of the short-circuit and in place of the phase’ 
break, transferring all the effective e.m.f.’s caused by the phase break, first into 
the short-circuit branch and then into the phase break branch. 


Fig. 3a shows the complex substitution circuit in place of a short to earth on 
phases B and C. Figs. 3b, 4b show the same circuits after subtracting the currents 


and e.m.f.’s acting before the break, 
and transferring the e.m.f. E,; to the 


circuit branch. These circuits deter- 
mine the current and e.m.f. at the 
point of short-circuit, due to the 
phase break. 


In finding the current in the cir- 
cuit of Fig. 3b and the voltage in 
that of Fig. 4b it can be shown that: 


(1) __ aq 71) __ aq pt 
AI) — Ay) — Aso) — 


(6) 
a: ByE y + BrE yo + BoE yo By oo 
NSIS i) 2,1 + 4p2 + 2,0 xu" 
E PoE E 
AEC) — Apt apn pari ieee 2 te ene ie 
, yO 
aerate (7) 


4p1 ere a 


where n and mare coefficients which are determined, for a break on any phase, by 


102 Calculations of short-circuits in unbalanced phase transmission systems 


TABLE 2. 


———————————— ee een Pen en nn ne 
In short-circuit branch (branch k-k’ in Fig. 1), |Inphaserupture branch (branch y-y in Fig. 1). 


Type of fault | Boundary conditions eanee Boundary conditions 
Tyg Fal yy + Al ye + Alyy =0 
Three-phase to | AF,. = AE,,.=AE,,=01| A y ia =4 
earth Rl ke be Ey, a ee Evo 


— 


Two-phase (phases sr) Ue il (oo B Tyg+ @Al y, + al y+ Alyy=0 


B and C) to earth AE,, = ME po = AE go arE yy = aE yo = E yo 


Single-phase (phase Ae Ses Algo I yc + aM y, + a? S7ye = Al yo a0 


5 (6; 
A) to earth AE, + AE po + AE, = 09 aE y, = Ey, = Ew 


Note: 1. Phase A is taken as the main phase. 


2. In interphase damage without earthing short-circuits, in the expressions cited 
AE,9 = 0; Al,o = 0. 


the coefficients @ and p and by the ‘phase differences between Ey i; Eyo and Evo: 


Expressions for the coefficients n and m, for various combinations of short-circuit 
and phase rupture are shown in Table 3. 


Having used the complex substitution circuit in place of the phase break in an 
analogous manner, we obtain*: 


, ” hi ” 
fs Wael Oued | ae WE et = (8) 


where Evo is the e.m.f. at the phase rupture point in the zero sequence circuit; / is 
the current in the phase to be broken, before the rupture; 8y> = 1/2yy + 1/2y9 + 
1/2y9 is the sum of the conductivities of all the sequence circuits at the phase’ rup- 
ture point; E> is the component of e.m.f. EF o> due to the voltage changes at the 
short-circuit point resulting from the phase break. 


If phase A is broken 


vn PINE py + PAE Rg + prAE go | 


’ 


Ey» 


and if phase B, 


” a*p,AE,, + ap,AE po + Pok po 
Ee 


Sys ’ 

* Equation (8) can also be obtained by 
solving equation (4) together with 
equations defining the boundary con- 
ditions for the phase break (Table 2). 


¢ 


AE 


4) 0). 09. 00 
1=AE2=AEg= Ey 


oD a(t) 4041) a(t) 
En Ene Eno Ee 


(a) FIG. 4. (b) 
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TABLE 3. 
E . . . 
Ty eot skoani tenes xpressions for coefficients 
circuit to earth| broken A | m and n 
Three phase A AQ) = 0 _ 
i ag) = (Py + e2 + Po)? Tin ae able Paes 
Bex Een 
Two phase ke 
(B and C) 
_ Ag) Als) 4 38 (01P2 + Papo + PrPo) Mp — 201+ 22 t Po 
Bex Ery 
Ah US tat ha) Bae Pa ake \ |e tebe 
2 er Zp Paz, zy, / a ZRy, 
1 2 0 
Single phase 
(A) 
5 a) = aw — 3(B Bo + BiBo + BaBo) Fuge Ae ac 
Zey g Ze 


Note: Phase C in any form of short-circuit has no special characteristics in relation to 
phase B; for this reason combinations which include an interruption of phase C 
are not cited. 


Equation (8) is not limited by the conditions of the short circuit in the branch. 
For a three-phase short-circuit, Evo = 0, and equation (8) takes the following form: 


18) 
Va el ae 
By 
where 7) is the current in the phase to be broken (before the break) in a three- 
phase short-circuit. For other forms of short-circuit, Eo # 0 and takes various 
values, depending on the combination of short-circuit and phase rupture. 


For any combination of short-circuit and phase break, equation (8) can be written 
in the following form :- 


I 
Ee 
MT ae (9) 


where A is a coefficient determined by the boundary conditions of the short-circuit 
and phase break and having the dimensions of conductivity. Values of A, obtained as 
a result of the combined solution of equations (6) - (8) for various combinations of 
short-circuit and phase rupture, are given in Table 3. 


Given the values of E yo! ar and AB ) we can find their values for straight 
and reverse sequence circuits (Table 2), and determine Any and LY bs ) according 
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to equation (5), and Alyi according to equation (4), for all the sequence circuits. This 
completes the calculation of the current and e.m.f. components shown in Fig. 1. 


Thus, all the current and e.m.f. components shown in Fig. 1, for any combina- 
tion of short-circuit and phase break, can be expressed in terms of Evo and the co- 
efficients gi, 8yi> Pi» B;. Together with this it can be seen from equation (9) that, 
whatever the combination of short circuit and phase break, Fg is always determined 
only by the magnitude and direction of the current in the break phase and by co- 
efficients gy and A, which have the dimensions of conductivity. Current / depends 
on the e.m.f{. in the circuit prior to the phase break, whilst the sum of (gy= + A) is 
determined independently of the e.m.f. parameters of the circuit. 


If only the inductive resistance is taken into account, the coefficient A for any 
combination of faults considered, is in phase with byd and can be regarded as a cor- 
rection to the conductivity by>) accounting for the special features of various com- 
binations of faults. In the general case au # ay # hc # ath) s 


In fact this correction accounts for the changes in the e.m.f. Eyo due to a phase 
rupture, with various forms of short-circuit. In cases of rupture in the phase damaged 
by the short-circuit, these changes are small. Calculations show that if 2z}; < yj 
even under the most unfavourable conditions, A does not exceed 4 per cent of the 
conductivity by> and drops rapidly as B,, 8B, and Bo fall. Thus in practical calcu- 
lations of E,, for any combination of phase breaks, with a short circuit at 2z;; < Zy is 
a coefficient A can be assumed to be zero. 

It should be noted that the combinations of faults considered are of great practic- 
al interest, since they introduce the maximum change in the e.m.f. and current values 


before the break. 


Calculations of these combinations can be simplified still further if we neglect 
not only AE;;, but also the in equality between the direct and reverse sequences. In 
this case expression (4) takes the form:- 


Fiaeaur can | (10) 
where / is the current in the break phase prior to rupture; q; are coefficients in the 
direct (q,), reverse (q,) and zero (qo) sequence circuits, depending only on k = Zy0/Zy} 


and on which phase is broken; if phase A, 


k 
i909 yee 


and for a break in phase B, 
k 
2k + 1° 
By analyzing expression (10), it can be shown that in real circuits yo cannot ex- 
ceed 0.6 / in a three-phase short-circuit and 0.6 I-Iy9 in a single- or two-phase short- 


aq, = Qqo — kqo SSS 


EE eR RE ee 
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circuit to earth. On this basis it can be found, without any calculation, whether de- 
liberate incomplete phase transmission endangers the protective relays or whether 
more detailed calculation is required to examine their safety. 


Expression (10) makes it possible to find without trouble the significant values 
of the components for combinations giving the maximum distortion, and, for 
2zfj < Zyj, to determine them to the accuracy normally allowed for practical calcu- 
lations. 


Example It is required to find the current and voltage components for a short to 
earth in phases A and B at point k, with a simultaneous break in phase A in the y-y“ 
branch. The data required for this determination are given in Fig. 5. 


Replace the given combination of faults by another, easier to consider: namely, 
shorts to earth in phases B and C with a break in phase B in the y-y’ branch. The 
return step from this combination to that given is not difficult, since for this the 
current and voltage vectors found must be rotated through 120°. 


In order to simplify the example and working, we assume that the circuit con- 
tains only active resistances. 


The coefficients a;, 8; and p;, and their sums as in the expressions in Table 1 


are: 
By = 0.25; By = 0.25; By = 0.5; py = 0.5; pp = 0.25; 
po== 1; 4; = 0.66; a2 = 0.66; a) = 1; px + P2 + Po = 1.75; 
0499 + 2429 + Poy = 0.875; apy + a2p9 + pp = 0.5 — 0.2502, 


The resistances at the point of rupture in the separate sequence circuits are: 


eT 


EY i) eee 
Kay ie ; 0 fo 


The total conductivities of the sequence circuits at the point of phase rupture 
and the point of short-circuit are: 
2 
2 Ur 5 
835 = 12= Q ’ Sep BUT) = 9) . 


The total coefficient A for the combination of faults considered (Table 3) is: 


a(t!) _ — 0,086. — , 


Qa 
The e.m.f. of the zero sequence, according to expression (9), is: 
jee) 
Eg) = aay = — 1 053 a? + 147. 
yO oor + aye 


The e.m.f.’s in the direct and reverse sequences, taking into account the boun- 
dary conditions of the phase break, are: 
Ey, = aE yy = — 147 a? — 1 200; Byy = a2E yy = 1053 + 1200 a2, 
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The change in e.m.f. at the point of short-circuit, according to equation (7) is: 


ap, + 0762 + Po 


E,,, =(— 165a2 + 38). 
Eyr, 2 


AE(Y)) a y 


The resultant e.m.f. at the point of short-circuit is: 
fe = E,, + SE,; = 438 — 165 a?. 
The change in current at the point of short circuit, according to expression (5) is: 
AI p, = 25702 — 524; Alp) = 301 + 46502 W Myg = 223 —722 a. 


The resultant current at the point of short-circuit is: 


I’, = 676 +257 a®; py = 465 a2 —99; 1,9 = — 7220? — 577. 


The change in current at the point of the phase break, according to expression 


(4) is: AI, = 28a? + 884; M4. = — 493a? — 406 and 


AI yp = 888a? — 185. 
The resultant current at the point of phase break is: 


I = — 1166 + 28.42; Ig = —306—493a2; 9 = 215 4 888 a2. 


The amount of calculation re- 
Tet quired to find the values need- 
y Ke ‘i o- fp ed is quite independent of the 
Aare: Dy a complexity of the circuit. In 
—— as this respect the proposed 
(a) (b) method differs usefully from all 
the other known methods, in 
which the calculations hecome 
FIG. 5. (a) branch y - y” included; 1,1 = 2050 A; more complicated as the circuit 
V2 = 100 A; 1,9 = 400 A; I.) = 1200 A; 1,9 = 400 A; becomes more involved. 
k0 = 700 A; Ey) = Exo = Eg = 400 V; Z,1= 0.50. 
Z49 = 10} Zp 9= 0.5 O; 13) = 2000 eS = 2200 A. Lo find z,; in the absence of 


(b) branch y - y’ excluded; Ey] = Eye = 95 V; calculations shown by the 


= : a = E scheme B i it i ~ 
Eyq = 143 Vs Ey) = Exo = Exo = 148 V. in Table 1, it is pos 
sible to use the data given in 
Fig. 6. Fig. 6a corresponds to 
a short-circuit at one end of 
branch y-y’, and Fig. 6b at the other.* On the basis of these data it is possible to 
find the intrinsic resistance of the y-y’ branch in the absence of a short circuit in 
the system, if the following expression is used :- 
' ab 
20S 
yy  b6—ac ’ 

* As applied to the direct sequence circuit, the data shown in Fig. 6 denote the currents and 
voltages due solely to the e.m.f. at the point of short-circuit, assuming that the generator 
e.m, f, is zero. These currents and voltages are found by the superimposition of the con- 
ditions for any asymmetric short-circuit on those for a three-phase short circuit. 
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where 
Die , , 
gqa=s . Qe ria C= — 
We u! We ) i fi 
k RVR y k 


== a Sp 
Sa Unly 


The changes produced by a short-circuit in the value of intrinsic resistance for 
the y-y’ branch can be taken into account, bearing in mind that: 


eee i 
z she ’ hs ’ 
y zy k 


where 8 shows what fraction of the total current at the point of short-circuit con- 
stitutes the current in the y-y” branch (Table 1); zj is the resistance introduced at 
the point of short-circuit. 


Conclusions 


The described method of calculation 
affords: (1) substantial simplification 
of the calculation of asymmetric faults 
by use of the results of calculations of 
short circuits in full-phase conditions. 
The changes brought about by unbal- 
anced phase transmission are expressed 
in terms of the current for the full-phase 
FIG. 6. condition and are independent of the 


e.m.f. parameters of the system; (2) sim- 
plification of calculations in systems with deliberately selected coefficients of cur- 
rent distribution. This refers in particular to combinations of any complex faults not 
considered in the paper, to the calculation of short circuits in power systems in con- 
nexion with changes in the generator e.m.f. and so on; (3) simplification of the cal- 
culation of complex asymmetric faults, when carried out on computing machines, by 
the superimposition of current components determined for full-phase conditions on to 
the current components due to the e.m.f.’s Fyi and AF},. 


Translated by KE. Bishop 
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A NEW CIRCUIT FOR HIGH-SPEED PULSE CONTROL IN 
SYSTEMS CONTAINING IONIC INVERTERS* 


D.P. MOROZOV, M.G. CHILIKIN, N.G. LYSENKOV and L.M. TVERDIN 
(Received 22 July 1957) 


Modern electric drive is characterized by wide use of controlled ionic inverters. 
The use of control systems containing magnetic and electronic amplifiers ensures 
the development of high-quality electric drive systems satisfying the increased 
demands made on automatic control for precision and speed of effective action. 


The introduction of ionic inverters in the electric drive systems of metallurgi- 
cal shops, where a large number of different systems using controlled mercury 
rectifiers as inverters operate, is most significant. Practical experience in the 
operation of these installations has been accumulated both here and abroad. Our 
design and scientific research organizations have developed various different 
systems for grid control by ionic inverters (systems containing peak transformers 
and chokes, etc.). 


The rectified voltage is regulated, in systems in use at present which con- 
tain ionic inverters, by the phase displacement of the control peaks. The ionic 
inverter mean rectified voltage is determined from the well-known equation 
Vq = Vdo cos a. A number of intricate and important units are used for changing 
the grid control system firing angle: grid supply and phase shift systems, and 
systems summing, shaping and amplifying the control signals [1-3]. The use of 
modern grid control systems enables us to exercise control by means of powerful 
mercury rectifiers with high-speed rectified voltage build-up [3]. 


Study of the systems containing ionic inverters used at present and the ex- 
perience accumulated in their operation permits us to formulate the following basic 
tasks which must now be performed in order that these installations may be put to 
wider use. 


(1) The improvement of cos ¢ and the efficiency of systems with a wide range 
of rectified voltage control. 


(2) Increase in the speed of effective action of control systems, this increase 


* Elektrichestvo No.2, 22-27, 1958[Reprint Order No. EL 50). 


108 


A new circuit for high-speed pulse control in systems containing ionic inverters 109 


being particularly important for powerful rolling mills and other important 
industrial plant. 


(3) Further increase in the operating reliability of installations containing 
ionic inverters, and maximum simplification of the control system, as a necessary 
condition for the use of these inverters. 


The grid control systems containing ionic 
inverters used at present do not fully satisfy 
these requirements. Where the rectified volt- 
age regulation range is wide, the phase- 
shifting and summing units are complicated 
and definitely sluggish. 


Regulation of rectified voltage by altering 
the firing angle over a wide range considerably 
worsens the power factor, this making the 
introduction of ionic inverters in powerful 
installations difficult. 


ZS US 


FIG.1. Diagram of the principle 
of high-speed pulse regulation. 
Tr - transformer; IV - ionic valve; 
N - load; FSU - phase-shifting 
appliance; SSP - grid feed 
system; UIR - pulse regulation 
unit; PU - intermediate installa- 

ZS - specified signal; 
US - controlling signal. 


tion; 


The authors of this article have developed 
and investigated several variants of a new way 
of regulating the mean rectified voltage of an 
ionic inverter (Fig.1). 


The basis on which the system operates 
is the pulse method of regulating the mean rec- 
tified voltage; here, change in the regulated 


quantity is caused not by phase displacement 
of the positive control peaks, but by how frequently and for how long the ionic 
inverter is applied. 


Pulsatory ionic inverter working conditions are obtained by introducing a new 
unit into the grid control circuit. The main purpose of this unit is to blank-off 
and trigger the ionic inverter in accordance with the required regulation conditions. 
The principle components of this unit are the controlled low-power valves which 
ensure the blanking-off and triggering of the ionic inverters at the necessary inter- 
vals and for the necessary lengths of time. Magnetic or mechanical appliances 
can be used in place of the controlled valves. All these installations must satisfy 
the condition of low voltage drop when the control peaks fed to the ionic inverter 
are applied. 


Let us examine the working of this system in the example of an installation 
with a 3-phase mercury rectifier (Fig.2), in order to clarify the principle on which 
the proposed new high-speed pulse regulation system operates. 


When there is no control signal V,,,, on the grids of the pulse regulation high- 
speed unit control valves UV, these valves are blanked off by the blanking 
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voltage Vs, (the bias voltage). 


The positive triggering peaks, produced by the mercury rectifier in the grid 
control circuit, are fed to its grids in the usual way. The mercury rectifier is 
opened and the rectified voltage determined by a, the angle of regulation. 


When a control signal V,,47, sufficient for triggering, is fed to the grids of the 
valves UV, these valves fire and clip the positive pulses fed to the grids of the 
rectifier RV. The mercury rectifier is blanked-off. 


The cessation of the input signal V4 corresponds to the blanking-off of the 
valves UV and the triggering of the mercury rectifier. 


Depending on the frequency of transmission and the duration of the signals fed 
to the grids of the valves UV, rectified voltage pulses of the corresponding fre 
quency and duration are produced at the output of the ionic inverter. The mean 
mercury rectifier rectified voltage depends on the time of conduction and the spac- 
ing, where qa is constant. 


The new ionic inverter high-speed pulse control unit may be introduced into 
certain systems in use for regulating ionic inverters by various means, depending 
on the nature and purpose of the systems. 


FIG.2. Circuit illustrating the principle of pulse regulation of 
rectified voltage. Tr - transformer; RV - mercury rectifier; FSU - 
phase-shifting appliance; TS - grid transformer; PD - peak choke; 
RN - load resistance; Rg), Rsq - grid resistances; VS - semi- 
conductor rectifiers; TZ - mercury rectifier locking voltage unit 
transformer; Rg - locking potential unit resistance; UV - controlled 
valves of the pulse control unit; Rs3 - grid resistance in the con- 
trolled valve grid circuits; R,,, - grid bias; Rs, - comparing resis- 
tance in the controlled valve grid circuits. 
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In the new system, the rectified voltage can be regulated both where a+ 0 and 
where a= 0). In the first case, the high-speed impulse regulation unit is made an 
additional link in the circuits in use. In the second case, the phase-shifting appli- 
ance may be removed from the circuit and all the necessary signals fed only to the 
pulse regulation unit. 


The control signal V,j,,, the frequency and duration of which correspond to 
the specified mean rectified voltage, may be obtained: 


(a) from the independent switchgear, for instance, a mechanical switch with 
conducting plates and slide contact (an open circuit regulating system), or 


(b) from intermediate gear providing equalization of the specified and regu- 
lated magnitudes (a closed regulating system). 


Oscillation or electronic regulators, also magnetic amplifiers, can be used as 
the intermediate equipment, working on the input of the pulse regulation unit. The 
summing of the various signals, their comparison with the specified value, and 
also the shaping of the signal supplied to the input of the pulse regulation unit, 
are performed in the intermediate equipment. 


In a number of cases, the intermediate equipment may be omitted. In these 
circuits the control signals are fed direct to the pulse regulation unit. 


A number of circuits using the high-speed pulse regulating unit were investi- 
gated in the laboratories of the Moscow Power Institute Industrial Undertaking 
Electrical Equipment. In particular, the circuit shown in Fig.3 was examined. 

The circuit provides forced generator voltage build-up, generator voltage “cut-off”, 
and the maintenance of a specified voltage; the control signal is fed directly to the 
high-speed impulse regulation unit. 


A PN-550 type generator was used; Py = 88kW, Vy = 230V, |, = 383A, my = 
1440 rev/min an RM-200 mercury rectifier with grid supply unit was used, and the 
controlled valves were TR 1-2.5/2 thyratrons. 


In the supply circuit, feed to the field windings of the generator was accomplish- 
ed by the inclusion of a two-pole contactor K. A negative potential, exceeding 
their blanking-off potential, was fed to the grids of the valves UV by a potentiometer 
P. Whilst starting the motor, the rectifier RV was open and a voltage ao Vpn (ao be- 
ing the forcing coefficient) was applied to the field windings of the generator. The 
controlled valves were blanked-off until the generator voltage had reached a value 
such that | V,, | -| Voen | <| Voen |, where Vorn is the triggering voltage for UV. 
The valves UV come into operation. The positive peaks fed tothe grids of the 
rectifier RV are cut off, and extinguished. The current in the generator field 
windings begins to drop. The generator field winding self-induction e.m.f. will 
maintain the current in the discharge resistance and at one of the mercury rectifier 
anodes (until the anode current passes zero). Reduction of the generator voltage 
causes reduction in the signal V,,,; UV thereupon is extinguished and RV comes 
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FIG.3. Diagram illustrating the principle of the pulse regulation of 
generator excitation current in a generator-motor system. 


into action. Thus, the mercury rectifier is working on a system of impulses and 
the generator voltage is maintained at a specified level, fluctuating around its 
mean value. 


V, 
The “cut-off” voltage is determined by the bias voltage Vs, and B = = 
(Rheostat R contact position). & 


The control circuit (Fig.3) is extremely simple, notwithstanding the compli- 
cated tasks which it performs. Ideal voltage “cut-off” is very simply accomplish- 


ed. The change in time 
of generator voltage, 


generator excitation cur- 
rent and field winding 
voltage for various levels 
of voltage regulation are 
shown in the oscillo- 
graphs in Fig. 4-6. The re- 
cording in Fig. 4 shows the 
process of transition to the 
rated generator excitation 
current and voltage. The 
ultimate values for these 
FIG.4, Oscillograph recording of the transitional gen- quantities are equal to 0.66 
erator excitation process where the forcing coefficient of the rated values in the 


% = 25 tou = byn- recording in Fig. 5, 0.33 in 


apy 
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Fig.6. In spite of the considerable deviations of thyratron-actuating characteris- 
tics and the lack of an intermediate appliance ensuring a steep signal front at the 
input of the pulse regulation unit, the circuit provides small generator voltage 
fluctuations at various excitation levels. 


: on Since regulation of the rectified 
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01 sec voltage takes place at a firing delay 

angle a = 0, the circuit ensures a 
high power coefficient and efficiency. 
The circuit is quick-acting; the oper- 
ating time is determined solely by the 
time taken by the thyratrons UV to 
fire and extinguish. Their firing time 
is practically zero; the time they 
take to extinguish depends on the 
moment at which the signal is fed to 
the fired thyratron and cannot, for a 
three-phase circuit, exceed 8.33 x 10* 
sec (for a six-phase rectifier it is 


66.6 x 107° sec). 


FIG.5. Oscillograph recording of the gen- 
erator excitation transitional process for 
forcing coefficient a = 2; ly, = 0.66 Iyn. 


It must be noted that the qualitative 
and quantitative factors of the new 
circuit are subject to further theoretical and experimental research. It will also be 
necessary to study a number of physical phenomena and processes which accompany 
the working of the new regulation circuit. The preliminary results show that the 
new circuit can be employed in various intricate electrical drive circuits requiring: 

(a) a wide range of regulation; 
Augestcctnentmueste veined unneete (b) speedy action; (c) pre cise 
regulation with high power co- 
efficients and efficiencies. 
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lonic inverters operating in 
pulse systems may be used for 
the supply of: (a) electric 
motor and generator starter 


circuits, and (b) electric motor 
armature circuits. 


% 


Taipan An Without enumerating all the 


482 past 


possible types of mechanism 
for which the new high-speed 


FIG.6. Oscillograph recording of the generator ex- 


citation transitional process for forcing coefficient 
Ay = 4S lou = 0.33 less 


pulse regulation circuit may be 
used, we will give some ex- 
amples to illustrate its use. 
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Fig.7 shows the principles of the control of the generator-motor system for a 
reversing blooming mill stand. The generator and motor field windings are supplied 
from ionic inverters operating in impulse systems. Reversing of the motor is 
accomplished by changing the generator excitation polarity, using a reversing 
switch. The motor rotation rate is regulated up to basic by the effect on the ionic 
inverter feeding the generator excitation circuit, and above basic by the effect on 
the ionic inverter feeding the motor excitation circuit. 


There are no com- 
plicated phase-shifting 
devices in the diagram 
for control using mer- 
cury rectifiers. All 
the control functions 
in the steady-running 
and transitional states 
are performed by the 
pulsatory regulation 
unit. Although the 
pulsatory control unit 
can be made on the 


basis of magnetic 
appliances (high-speed 


FIG.7. Diagram illustrating the principle of the pulse 


control of the excitation of large machines from ionic magnetic amplifiers 


inverters in the generator-motor system of a reversing mill. and relays, etc.) the 
Tr -transformer; IV -ionic valves; G -generator; D - motor; use of thyratrons may 
TG - tacho-generator; V,N - reversing contacts “forward”, be considered a suf- 


“back”; UA - controlling gear; SSP - grid supply system; 
UIR - pulse regulation unit; PU - intermediate installation; 
ZS - specified signal; US - controlling signal; OSN - 
voltage feed-back; OSS - rotation feed-back; OST - current thyratrons are widely 
feed-back. used in practice at 


home and abroad (in the U.S.A. and Germany) in electric drive control circuits. 


ficiently reliable solu- 
tion. We know that 


Certain designs of thyratron being introduced into industry at the present time are 
very reliable and hard-wearing (service life of 15,000 hr). The elimination of phase- 
shifting and other intricate units simplifies and improves mill control circuits in 
comparison with existing circuits, and facilitates their operation. 


The mercury rectifiers in the given circuit operate with an angle of regulation 
a=0. Calculations show that for constant electrical motor or generator field wind- 
ing times 7, = 3-4 sec, forcing coefficient as = 3-4 and tolerated regulated quan- 
tity variations (generator voltage, field current, motor rate) of 4-5 per cent of the 
rated values, the resting and working times of the mercury rectifier RV vary between 
0.04 and 0.1 sec (in a three-phase rectification system this corresponds to the fir- 
ing or misfiring of six to fifteen anodes in succession). The extinction of the rec- 
tifier RV in pulsatory ionic excitation circuits is determined by the discharge 
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resistance selection condition: 


bk Agt 


v4 
m sin — 
m 


where ky = Rp/ry, Rp is the discharge resistance in the field winding circuit, and 
m is the number of rectification phases. 


For the rectifier RV pause and firing-period intervals indicated above, the 
impulse system of this rectifier hardly worsens the shape of the circuit current 
curves, and ensures that cos ¢ is close to unity. Where the anodes fire and mis- 
fire in quicker rotation, the coefficient of power is affected by the worsened shape 
of the current curve and the firing of the last (prior to extinction of RV) anode in 
the transformer secondary e.m.f. negative value region. However, in this case 
also, the power coefficient is considerably higher in impulse control circuits than 
in RV continuous control circuits. In an experimental installation with frequent 
rotation of anode firing and misfiring, pulsatory RV control improved cos ¢ (for 
identical conditions), in comparison with continuous control by up to 60-70 per 


cent (0.34 to 0.58; 0.51-0.72; 0.62-0.85, etc). 


The simplicity, economy and precision with which the regulated value is 
maintained (less than 1] per cent when 7, = 3-4 sec), and high-speed action enable 
us also to recommend pulsatory RV control circuits for the excitation of the prin- 
ciple electrical machinery in the generator - motor transmission systems of power- 
ful continuous mills (reconstructed and under construction), and of less powerful 
plant. 


The use of ionic inverters operating in impulse systems for supplying the 
armature circuits of blooming mill motors is shown in Fig.(8). The motor is revers- 
ed in this circuit by a switch in the motor armature circuit. The introduction of an 
impulse regulation unit into the control circuit hardly makes this circuit more com- 
plicated in view of the simplicity of the proposed unit, and enables the armature 
to be supplied at reduced rates of rotation (up to basic rate), with a regulation 
angle a= (0. At the lowest motor rotation rates, in order to reduce the armature 
current pulsations and improve motor working conditions, it is advantageous to 
work at a = cosnt + 0, but at lower regulation angles than in the case of continu- 
ous RV control. The employment of a pulse regulation unit ensures a high power 
coefficient and is more advantageous than intricate circuits with artificial anode 
communication, non-symmetrical control, etc. 


The proposed pulse control by mercury rectifiers feeding the motor armature 
can be very widely applied (with or without phase-shifting equipment) in the elec- 
tric drive systems of less powerful plant, (rolling mill auxiliary mechanisms, 
metal-working machines, etc.), where the motors work under better conditions. It 
should be possible, in order to confirm the proposal that an RV impulse system 
may be employed for the supply to a motor armature, to refer to the details given in 
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FIG.8. Diagram illustrating the principle of reversing mill 
motor feed from a mercury rectifier using pulse regulation. 


Tr] - main inverter transformer; Trg - motor excitation 
circuit ionic inverter transformer; D - motor; IV - ionic 
valves; SSP - grid feed system; FSU - phase-shifting 
appliance; U - amplifier; UIR - pulse regulation unit; 
PU - intermediate installation; US - controlling apparatus; 
ZS - specified signal; US - controlling signal; OSN, OST, 
OSS - voltage, current and rate feed-backs; V, N, - revers- 
ing contacts, “forward”, “back”. 


(narrower than, for example, in a blooming mill). 


foreign literature [4], on 
practical experience 
abroad of the use of mer- 
cury rectifiers working in 
a system of impulses in 
the electric drives of the 
pressure roll and other 
auxiliaries in powerful 
rolling mills. 


Finally, yet one more 
important field for the 
employment of the pulse 
regulating unit must be 
indicated: that is, the 
electric drive of continu- 
ous mills, (the armature 
and excitation circuits of 
the motor supplied from 
mercury rectifiers), where 
speedy action and pre- 
cision of regulation are 
required with a narrower 
range of regulation 


The use of pulse regulation in circuits where synchronous motor field windings 


are supplied from ionic inverters is of great interest. 


Conclusions 


The practical introduction of powerful controlled rectifiers for electric drive 


is a progressive trend in the development of automatic regulated industrial installa- 


tions. 
lower power consumption are associated with this. 


Considerable reduction in capital outlay, increased labour productivity and 


The reconstruction and modernization of installations already in use should be 


undertaken incorporating ionic inverters just as these are used in installations now 


being constructed. 


The new system of high-speed pulse regulation described in this article will 
result in the fulfilment of the highest technical and economic production standard, 


in installations using ionic inverters. 


These standards are primarily high coef- 


ficients of power and efficiency, and the high speed and comparative simplicity of 


the automatic control circuit. 


Translated by J.H. Dixon 
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THE CONTROLLED PHASE-TYPE COMPOUND WINDING OF 
SYNCHRONOUS GENERATORS WITH CORRELATION AS TO 
VOLTAGE * 


O.M. KOSTIUK and V.E. RYBINSKII 


Ukr. S.S.R. Electrical Engineering Institute of the Academy of Sciences 
(Received 2] February 1957) 


The controlled compound winding of synchronous motors and generators with cor- 
relation as to voltage is at present widely used. At the same time, the possibi- 
lities of improving the compounding circuits by achieving a relationship between 
the excitation of synchronous machines and not only the stator current, but also 
the stator voltage, taking the phase angle between them into account (phase com- 
pound winding), and also by achieving circuits with parameters which change 
under the action of an automatic corrective device, have been under examination 
for quite a long time. 


In 1945, circuits for controlled (not phase) compound winding were developed 
by Moscow Regional Power System Administration, and simultaneously by the 
Moscow Electric Power Institute and the State Trust for the Organization and 
Efficiency of Electric Power Plants. Control was accomplished by the excitation 
of an intermediate transformer [1], or shorting choke [1, 2], in a normal compound 
winding circuit. An electronic voltage corrective device was used for this purpose 
in both the articles referred to. The shortcoming of this circuit is the lack of 
automatic regulation in low generator load conditions. In the second circuit they 
used what was, essentially, an additional corrective device creating a supple- 
mentary voltage drop at the shunt rheostat, to eliminate this shortcoming. This 
made the construction of the regulator more complicated. 


For the first time, controlled phase compound winding with electro-mechanical 
corrective devices was then achieved on a 35 MW turbo-generator at Kievenergo 


[3,4]. 


Controlled phase compound winding was thereafter used to improve a circuit 
with electronic andionic regulators [5], but this circuit was not widely adopted 
owing to the comparative complexity of the regulators themselves. 


* Elektrichestvo No. 2, 27-34, 1958 [Reprint Order No. EL 51). 
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A phase (uncontrolled) compound-winding circuit for self-exciting generators 
of low power was developed in 1940 at the Lenin All-Union Electrical Engineer- 
ing Institute [6]. In recent years, circuits for the phase combination of controlled 
compound winding with the field current, not controlled from the voltage [7 and 
8], have been used for this purpose. The circuit for the phase combination of 
uncontrolled compound winding with the field current controlled from the voltage 


should be noted [9]. 


Controlled compound winding was also achieved for low-power generators 
with mechanical exciters, but in these circuits there is no automatic regulation 
in low generator load conditions, and the voltage regulation accuracy is not 


high [10]. 


This article sets out briefly the results of the development of a system for 
the automatic regulation of synchronous generator excitation, with phase com- 
pound winding controlled from the stator current and voltage. The industrial pro- 
duction of the regulators described in the article commenced in 1956. 


Circuit and principle of operation 


Fig. 1 contains diagrams showing the principles on which generators with 
mechanical exciters operate. 


The main compount of the regulator is an all-mains transformer for controlled- 
phase compound winding, which in construction is a transformer-type magnetic 
amplifier. Fig. 2 is a schematic diagram of the all-mains transformer for low- 
voltage generators. 


All the transformer windings are sited around the central bars of two III- 
shaped magnetic circuits (1), while the a.c. windings cover both magnetic circuits, 
and the field windings (2) cover each magnetic circuit individually. The primary 
series winding (3) is connected to the stator current circuit, phase A for example; 
the primary parallel winding 4 is connected to the stator voltage through an ad- 
ditional resistance of choking coil. 


Taking into account the possibility of non-symmetrical generator states, it 
is desirable to perform compound winding on the current of at least two stator 
phases. A second series winding (5), connected for example to phase B, is pro- 
vided for this purpose. The geometric sum or difference of the magnetizing forces 
in windings (3) and (5) is obtained, depending on the connexion polarity. With 
three-phase compound winding, thers may be a third series winding connected to 
phase C. The polarity of the two windings must then correspond to the sum of the 
magnetizing forces, and that of the third to the difference between them. This type 
of double or triple connexion of a single all-mains transformer is more expedient 
than the corresponding use of two or three separate transformers, one for each 


phase. 


An e.m.f proportional to the resultant magnetizing force of the series and 
parallel primary windings is induced in the secondary (output) winding @) of the 
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FIG. 1. Circuit for controlled phase compound winding with electro-magnetic voltage cor- 
rector. 

(a) — for low-voltage synchronous generators; (b) — for high-voltage synchronous gene- 

rators; ] —all-mains controlled phase compound winding transformer; 2 — measuring 

device saturable transformer; 3 — magnetic amplifier; 4 — tuned circuit for frequency 

correction; 5 — voltage transformer; 6 — adjusting compensator; 7 — step-up compensator. 
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all-mains transformer. The second- 


i 


ary transformer winding current is 
rectified and fed to the exciter- 
excitation circuit (Fig. 1). 


It is expedient to connect a 
filler-type condenser in parallel 
with the magnetizing winding (2) 
(Fig. 2). 


The phases to which the trans- 
former parallel winding must be 
connected are determined with 
respect to the circuit diagram for 
the series windings of the all- 
mains controlled phase compound 
winding transformer and to the 
type of additional resistance in 
FIG. 2. Core and winding distribution in the all- jh. parallel winding circuit (choke 

mains controlled phase compound winding 

ee or rheostat). The phases selected 
must be such that, for an almost 
inductive load, where cos ¢ = 0, the magnetizing forces in the primary windings, 
which are proportional to the stator current and voltage, coincide as to direction, 
while for a load, where cos ¢ = | they should be displaced by an angle of 90° 
and the magnetizing force proportional to the stator voltage must lag. 


=~ 
ae 


The most expedient and constructionally convenient circuit is that of the 
double connexion for the difference in magnetizing forces of two phases. When 
connecting for the sum of the magnetizing forces of two phases, there will be no 
forced excitation in these phases on short circuit. 


The electro-magnetic voltage corrective device has a three-phase measuring 
appliance at its input side, which acts on the single-phase intermediate magnetic 
amplifier. The output side of the voltage corrective device is connected to the 
field winding of the all-mains transformer. The possibility of additional correct- 
ion of voltages as to frequency, by means of a tuned circuit connected to the 
non-linear component circuit, has been foreseen for low-power generators (Fig. 

1 a). In this case, to reduce the size of the tuned circuit, the non-linear compo- 
nent circuit is made on the frequency tripler system. 


The regulator shown in Fig. 1 b has been developed for powerful high- 
voltage generators. To increase the available regulation power and further im- 
prove the dynamics of the regulator, double-circuit regulation may be introduced; 
here a magnetic amplifier, counter-connected to an additional de-magnetizing 
field winding in the exciter, is also controlled from the corrective device measur- 
ing appliance. No additonal correction for frequency is required for powerful 
generators or for generators working in parallel in a powerful electric power sys- 


tem. 
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Owing to the development 
of a phase compound-winding 
circuit, the amplification coeffi- 
cient of the voltage corrective 
device may be considerably less 
than for simple compound wind- 
ing. In this connexion, the lag 
of the magnetic amplifier and 
control circuit of the all-mains 
transformer is also less than 
the lag in electro-magnetic vol- 
tage correctors; this increases 
regulation stability. In this 
case, there is no need for ad- 
ditional regulator stabilization 
appliances; this simplifies the 
regulator circuit and still further 
increases the difference between 
its speed of action and that of 
the electro-magnetic correctors 
at present in use, in which a 
flexible negative feed-back (a 
stabilizing transformer) slows 


FIG. 3. The relationship between regulator output ‘ 
current and voltage. 1 — Generator open circuit; down the regulation. 
2\-— High power, factor, Ipen = 0.5 /gen load; 3 — The resultant regulator 
Low power factor, Teen = 0.5 Teen load; 4— high : : a 
power factor, Igen = Igenload; 5 — low power working characteristics are 


factor, I pen = Igen load. given in Fig. 3 for various gene- 
rator states. For generator short- 
circuit and low leads, automatic regulation is accomplished by voltage compound 
winding (curve 1). The relationship between the regulator output current and 
the generator voltage, load current and power factor is characterized by a set of 
curves (2-5), from which it is clear that generator excitation increases with 
reduction of the power factor. 


The spring feed-backs from the stator current and the regulator output cur- 
rent necessary for adjusting the regulator to the required statism and also for 
increasing the accuracy of the voltage regulation are ‘provided in the regulator 
circuit (Fig. 1). In installations where very high voltage correction accuracy is 
not required, the stator current feed-back need not be used. In addition, it is 
possible to amplify or weaken the magnetic amplifier internal positive feed-back 
by using the normal additional external feed-back from the amplifier output cur- 
rent (not shown in Fig. 1). 


Additional magnetic amplifier feed-back alters the steepness of the charac- 
teristics in Fig. 3. Increase in accuracy, and also decrease in regulation stabi- 
lity, correspond to the increase in steepness, which is limited by the possibility 


Ph bmn dt 
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, } 
‘output 


‘output load 


FIG. 4. Relationship between regulator output 
current and stator current in forcing condi- 
tions for steady reduction of 15 per cent in 
voltage (unbroken curves) and steady three- 
phase generator short circuit (dotied). 
1 — controlled phase compound winding; 
2—normal compound winding with slow- 
acting electro-magnetic corrector (UK and 


EMK). 


of a relay effect. Feed-back from the stator current is connected with polarity 
such that curves (2-5) are displaced to the left of curve 1. 


In the case of feed-back from the stator current, the feed-back from the re- 
gulator output current is connected with polarity such that curves 1-5 are dis- 
placed to the right and their steepness increased. Here, accuracy of voltage cor- 
rection increases with changes in the frequency and heating of the generator and 
exciter. Feed-back from the regulator output current also changes the phase sen- 
sitivity of the regulator; here the high and low power factor curves are displaced 
vertically in relation to one another. 


The type of feed-back is selected when adjusting the regulator with respect 
to the generator and exciter parameters and the voltage correction requirements. 


It is also clear from Fig. 3 that the regulator described without additional 
feed-backs can easily ensure adjustment with regative statism. 


For example, if the regulator output current is altered, in different gene- 
rator conditions, between open circuit and full load with a low power factor, the 
negative regulation statism between values a and b is about 3 per cent. In order, 
for example, to produce positive regulation statism, it is necessary for curves 
(2-5) to be displaced to the left of curve (1). This can be achieved by feed- 
backs. 


It should be emphasized that the widespread idea that positive statism is 
necessary is based on the premise that a regulator setting of that sort en- 
sures parallel working stability. Meanwhile we know that, from the point of view 
of maintaining constancy of voltage at the receiving terminal, it is most expe- 
dient to use a negative statism setting for automatic voltage regulators. The 
existence of the equalizing connexions, described below, enables us to recom- 
mend the negative statism adjustment of regulators as being more correct in 
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principle; this adjustment is easily achieved without introducing any additional 
equipment into the circuit. 


Positive statism adjustment is easily achieved, on the other hand, in regu- 
lators of the compensator type, reacting to differences in the quantity being re- 
gulated. To create negative statism, essentially, a regulator compound winding 
is used; this, however, requires additional equipment. 


Fig. 4 shows the forcing capacity characteristic of a regulator at generator 
voltage drops of 15 and 100 per cent (short circuit). Similar characteristics for a 
type UK-EMK regulator are plotted for comparison (simple compound winding with 
an electro-magnetic voltage corrector), on the assumption that, in the second 
case, the component of the resultant regulator current determined by the corrective 
device for a rated generator state, is 30 per cent. It is clear from Fig. 4 that the 
forcing capacity of the regulator being described is considerably higher. This is 
associated with the fact that it is necessary for this regulator, at rated voltage, 
other things being equal to take an all-mains transformer coefficient of trans- 
formation such as to compensate the field effect, which may be regarded as an 
additional transformer error. Therefore, with a drop in voltage, when the trans- 
former magnetization is sharply reduced, the compounding coefficient quickly in- 
creases; this is a feature characteristic of controlled compound winding cir- 
cuits. 


The increased forcing capacity, which has been indicated for the regulator 
described, makes the reactive load distribution stability condition more difficult, 
when generators are working in parallel. In order to achieve reliable stability, 
particularly for the generator voltage bus-bars when they are working in parallel, 
it is desirable that there should be an equalizing coupling between the generators 
working in parallel. This is achieved by the parallel connexion, either directly 
or through a spacing transformer, of sections, of the secondary windings them- 
selves, of the ali-mains transformers. In many cases, this circuit is more expe- 
dient than the use of equalizing connexions between the excitation circuits. In 
the proposed circuit, the excitation circuits are not electrically connected, and 
the possibility of using the coefficient of transformation in the equalizing cir- 
cuit enables us to operate various types of generator in parallel. The elasticity 
of the equalizing coupling can be regulated at will by a small impedance con- 
nected in series. 


It is possible, for low voltage generators, to confine ourselves to only one 
equalizing conductor between the primary (parallel) windings of the all-mains 
transformers on the choking coil side (Fig. la), since in this case the equaliz- 


ing coupling closes the primary commutation circuit of the generators working in 
parallel. 


It should be pointed out that the compound winding and voltage correction 
circuit described, is very valuable for self-exciting synchronous generators. In 
this case, in order to ensure the necessary compound winding capacity, all- 
mains transformers may be connected to the three phases. If additional frequency 
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correction is not applied, the voltage corrector may be still more simply cons- 
tructed in the form of a saturable choke and rectifier. The choke is connected to 
the generator through a step-down transformer. The core of the choke should pre- 
ferably be of permalloy (a type UTT -6 current transformer is used as the choke 

in the regulator we have constructed), but satisfactory results may also be obtained 
when using high quality electrical engineering steel. In this circuit the corrector 
is practically without inertia. 


For comparatively powerful generators, controlled phase compound winding 
may be combined with uncontrolled phase compound winding, ensuring 70-80 
per cent of the required excitation capacity. This makes it possible greatly to 
reduce the size of the all-mains controlled phase compound-winding transformers. 


Basic relationships 


Let us examine the steady working conditions for a phase compound winding 
circuit with all-mains transformers, assuming as a preliminary that the compound 
winding is uncontrolled. 


Using the super-imposition principle, we can find the current in the second- 
ary winding of the all-mains transformer : 


L=s/ 12, + Lakh +21, Lkh cosy, (1) 


where /,, and /,,, are the currents in the transformer secondary winding for 
short circuit (at the specified stator current and open circuit conditions, and y 
is the angle between the currents /,, and /,,;,. 


Currents /,, and /,,; are determined as follows: 


Lay = of 1043/2053 Lakh = Okn(V/Ze) (oy ,/2) (2) 
where /, is the current in the all-mains transfomer primary winding, 
V is the generator voltage (Fig. la), or the voltage on the secondary 
side of the compensator (Fig. 1b), 
o;, and o;;, are coefficients allowing for the all-mains transformer current 


errors for generator short-circuit and open circuit conditions, 

@j,, @y;, @, are the number of turns in the series and parallel primary windings 
and the secondary (output) winding of the all-mains transformer, 

@re is the equivalent number of secondary winding turns in short-cir- 
cuit conditions (taking into account the effect of the primary paral- 
le] winding), 

z is the equivalent resistance of the compound winding circuit due 
to voltage in open circuit conditions. 


The values of w,, and ze are determined from the following equations: 
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, 2 , 
2 Ty lg b. (3) 
= w + 2w coss¢; 
W,, Vy 2 ( _ 2 Vie 4, 


2,= ie +7) + x) : (4) 


where 
. 2 
A B; ul 
i= x in 
v 2 oe, 
By. .o& 


the load resistance at the output side of the compound winding circuit, reduced 

to the number of windings in the all-mains transformer primary parallel winding 

(B; and B,, are relationships of the mean rectified current and voltage values 

to the effective values for alternate current and voltage at the rectifier); 

Z, ='m_ + J%,» the resistance in the all-mains transformer primary parallel wind- 
Ing circuit, 

é is the difference between the impedance angles of the all-mains 
transformer primary parallel winding circuit and secondary wind- 
ing circuit, 

and v, and v;,, are coefficients allowing respectively for the difference between 
the different voltage drops in the all-mains transformer secondary 
and primary parallel windings and the transformer voltage error 
in open circuit conditions. 


The current fed to the all-mains transformer primary parallel winding circuit 
in generator short-circuit conditions is determined by the equation: 


VE = Waza) (w,/o, 1) Ly (5) 


Fig. 5 gives the vector diagram for the case where an all-mains trans- 
former is connected with the difference in currents between two generator phases 
and its linear voltage. The direction of the vector /,,, is determined by the im- 
pedance angle yw of the equivalent resistance z,, the direction of the vector 
I, by the angle a which allows for the angular error of the all-mains transformer 
as regards the current reaching its primary parallel winding circuit (the direction 
OM is parallel to the vector /,, — 1,,). 


When the angle 7 alters, the end of the vector /, moves along the time curve : 
which represents a circle of radius /,,, its centre lying at the ends of the vector 
Lokh: 7 


The basic relationships of the linearized phase compound winding circuit 
which have been obtained can also be applied to controlled compound winding 
with the proviso that the magnetic state of the all-mains transformer is specified, 


ae ee 
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. Time curve for the ~~ 


vector of Ig with change\ 
in the angle P . 


FIG. 5. Phase compounding vector diagram. 


taking into account the constant magnetization corresponding to the specific 
generator voltage. The values of the parameters 0, o4,, vz, ¥z,, W and a must 
correspond to the given regime. 


The sensitivity of the phase compound winding circuit d/,/dé depends on the 
correlation of the currents /,, and 1,;,; and the initial phasing angle, generally 
equal to y + d. For each phase compound winding circuit this angle is a constant 
quantity. 


On increase of this angle, the phase sensitivity rises, but, as analysis and 
tests showed, where the initial phasing angle exceeded 90° there was intensifi- 
cation of the undesirable non-linearity of the synchronous generator external 
characteristics, when loaded at a high power factor. It is expedient, therefore, to 
limit the initial phasing angle roughly between 70° and 110°. 


Phase sensitivity is still not unduly lowered at the lower limit, and at the 


upper limit the non-linearity of synchronous generator external characteristics is 
within the tolerated limits. 


A phase compound winding-circuit sensitivity ensuring that the external 
characteristic of the generator being regulated is independent of the power factor 
may be called normal. For astatic adjustment of a circuit for the automatic regula- 
tion of excitation, the phase sensitivity must approximate to the normal value. 

If adjustment with negative statism is being made (back regulation, to compensate 
for the voltage drop in the circuit supplying the consumer), it is expedient to have 
phase sensitivity above normal. Then the negative statism will be higher with 
inductive generator loading and with lower operating load; this is a requisite for 
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FIG. 6. Oscillograph recording of transitional processes. 

(a) three-phase short circuit of MS-126-4 generator; 

(b) short-circuited induction motor started from MS-126-4 
generator, engine power about 30 per cent of generator 
power. 

1 — generator current; 2 — generator voltage; 3 — generator 
excitation voltage; 4 — generator exciter excitation voltage; 
5 — frequency. 


‘obtaining a better approximation of astatic characteristics at the consumer’s end 
or at a nodal point in the circuit. 


Test results 


Production models of the regulator were made according to the controlled 
phase compound winding circuit described. The Electrical Engineering Institute 
of the Ukr. S.S.R. Academy of Sciences assisted by the “Elektroprivod” (Moscow) 
Central Design Bureau, tested the regulators on MS-126-4 (150 kW) and MS-92-4 
(50 kW) synchronous generators working separately and in parallel. 


The external characteristics of the generators being regulated deviated with 
wide variations in the power factor between 0.1 and 0.8 (inductive load), by not 
more than + 1 per cent from the mean value. Adjustment corresponded to a negative 
statism of 1-2 per cent. The phase sensitivity of the compounding circuit was 


above normal, since with low power factors, the negative statism was higher than 
with high power factors. 


The generator operation was extremely stable when working in parallel, 
where there were equalizing couplings. Opening the equalizing coupling shortly 
disrupted the stability in an aperiodic manner, one of the generators passing to 
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r c) 


FIG. 7. Typical transitional processes in a circuit with 

weak damping without special equipment for changing 

statism (generator and exciter). 

(a) compensation type regulator with artificial damping. 

(b) controlled compound winding without artificial 
damping. 

(c) compensation type regulator without artificial 
damping. 


conditions with a capacitive power factor. 


Oscillograph recordings were made of the transitional processes when 
static loads (about 50 and 100 per cent of the rated power of a generator with 
high and low power factors) were cut in and out, when starting short-circuited 
induction motors (about 30 and 90 per cent of the generator rated power), and for 
a number of generator short-circuits lasting for up to 1.5 sec. 


Oscillograph recordings, for cases of the short-circuiting of a 150 kW 
generator and the starting of an induction motor connected to that generator, are 
given in Fig. 6; it is evident from these that the regulator ensures high-speed 
action and that the transitional processes are of a favourable nature. The low 
regulator lag is typified by the fact that the voltage at the regulator output (at 
the exciter shunt excitation winding) rose practically simultaneously with the 
stator current, and then in addition rose, owing to the removal of the excitation 
of the corrector, to maximum value in about 0.2 sec. 


Tests made on a 50 kW generator with self-excitation through a regulator 
of the type described showed that the nature of the transitional processes is 
still more favourable in this case. 


Fig. 7a shows the change in voltage when a static load is applied to a 
generator fitted with a compensation voltage regulator, with positive regulator 
statism and no special equipment for altering the statism. Fig. 7b shows a similar 
transitional process for the regulator described with natural negative statism. We 
can see from comparison of the curves that, in the second case, the first normal 
regulated voltage value is reached quicker, and the nature of the transitional 
process is more favourable. 
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Where sufficiently effective means of damping, which complicate the design 
of compensation regulators, are not available, the transitional process shown in 
Fig. 7c is typical of these regulators; here, the time for the first restoration of 
voltage is somewhat shorter, but the oscillations are more intense. 


The transitional process on reduction in the compound winding coefficient 
is shown by the dotted line in Fig. 7b. Here the over-regulation is reduced, but 
so is the forcing capacity of the regulator. It should be emphasized that over- 
regulation for a single shock, and the consequent sufficiently fast aperiodic 
steadying of the conditions, may be regarded, when we consider the essential 
factors which make the post-shock conditions more difficult, as a favourable form 
of transitional process. Such factors are respective loads, for example, the alter- 
nate running of motors, changes in the slip of induction motors(which are braked 
on initial reduction of voltage and accelerated when it is subsequently restored) 
etc. 


The considerations set forth were well supported by the tests. In particular 
on eliminating the short circuit of a 150 kW generator running idle, the over- 
regulation was 19.5 per cent of the rated voltage, but when a loaded 40 kW induc- 
tion motor had previously been connected, this over-regulation was reduced to 
5.6 per cent (Fig. 5a). Similar tests were successfully carried out on a MS-1250- 
750 (1000 kW) generator. A regulator constructed according to the circuit in 
Fig. 1b was tested on a 25 MW type T 2-25-2 turbo-generator. 


Translated by J.H. Dixon 
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TRANSISTOR AMPLIFIERS OF THE ALLOY TYPE * 
A.A. MASLOV 


(Received 23 September 1957) 


An ordinary flat transistor amplifier consists of two electron- or hole-conducting 
junctions, situated in a single monocrystal and separated by a distance w; this 
distance should be considerably less than the diffusion length at the non-base 
carriers in the middle region. If a triode is made in such a way that an electron 
semiconductor,conventionally denoted by n, is fixed in the middle and a hole 
semiconductor, denoted by p, on the sides, then such a triode is called a p-n-p 
type as opposed to the triode of the n-p-n type, in which the mid section is the 
hole type of semiconductor. As is generally known, the semiconductor amplifier 
is connected in a circuit insuch a way, that a forward biased voltage is applied 
to one junction; this junction is called the emitter junction. To the other junction 
a reverse biased voltage is applied; this junction is called the collector. The 
mid-part of the triode between the two junctions is called the base or the base 
region. 

The circuit of a p-n-p triode is shown on Fig. 1. Consider the mode of opera- 
tion of the p-n-p type amplifier. The emitter is biased on the forward direction 
and in certain conditions it will cause the injection of holes into the base region. 
Since the width of the base w is considerably less than the diffusion length of the 
holes in this region, the holes injected into the n region will be diffused to the 
collector andonly a part of them will recombine with electrons in the base layer. 
The collector is biased in the reverse direction; the electric field is in such a 
direction that it will attract holes which entered in the base region. Consequent- 
ly, these holes will reach the output network of the collector and produce the 
current of the output signal. If the value of the emitter current varies, the value 
of the current in the collector network will vary as well. Usually triodes are con- 
structed in such a way that a considerable part of the emitter current enters the 
collector network. Therefore we can assume that the change in the emitter cur- 
rent is approximately equal to the change in the collector current, i.e. 


Nig 


* Electrichestvo No. 2, 46-51, 1958 [Reprint Order No. EL 59]. 
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Since the collector junction has a reverse bias and consequently a high load im- 
pedance, the change of current in the collector occurs in a network of high resist- 
ance, and this will produce a large change of voltage, tens of times greater than 
the change of the voltage in the emitter network, which produced the change in 
the emitter current. As a result, there will be a voltage and power gain, which 
can be taken from the load resistance. To get a good gain it is necessary that 
Al, should differ from Ale as little as possible. The ratio /,/l.e =a is called 
the current amplification or current gain of a crystal triode. The current ampli- 
fication depends on the quantities given below. 


1. Emitter efficiency 


The current flowing through the emitter junction has two components: the 
hole, and the electron components. In amplifying operations of the p-n-p triode 
only the hole component of the current takes part. The ratio of the change of the 
hole component (A I,;,) to the total emitter current (A 1.) is called the emitter 
efficiency and is designated y. Obviously 


Wo, 


y= eh By simple calculations we can find that y = 1 — 


Al, 


e%e 
where o, is the base region conductance 

Oe is the emitter region conductance, and 

L, is the diffusion length of the non-base hole carriers in the emitter 
region. In order that y should be near to unity it is necessary that 


W OF <K< tis Jes 
2. The ability of the base region to transfer the holes leaving the emitter to 


the collector (8) 


This quantity is determined as the ratio of the change of the hole compo- 
nent of the collector current to the change of the hole component of the emitter 


current, 


Collector 
junction 


Emitter 
junction 


aaj] 


FIG. 1. p-n-p triode in a common FIG. 2. p-n-p triode in a common 
base network emitter network 
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Ale 
p= RF 


eh 


The losses in the base are caused by a partial recombination of holes with elec- 
trons. Obviously, to keep f near to unity it is necessary that w<<L,. The value 
of 6 can be calculated from the expression: 


6- or 
cosh (w/ d ) 


3. Collector efficiency a 


The holes which have entered the collector region come under the influence 
of the accelerating field and can cause an avalanche process of hole increase. 
For the flat alloy triodes normally a* = 1. § 


’ . The current gain will be determined by the product of the three above- 
mentioned factors a = y 8 a* We have neglected here possible losses in the outer 
network and the influence of the frequency on the amplifying properties of the 
triode. Therefore, a will be the current gain for low frequencies and for the short- 
circuited collector junction. The factor a is an important physical characteristic 
of a triode and does not depend on the method of connexion in the circuit. The 
current gain for real circuits will be different. The circuit in Fig. 1 is called 
the circuit with a common base. This circuit has a small input and a large out- 
put resistance. The current gain of this circuit is less than a. This is true only 
for a short-circuited collector junction, i.e. when R, = 0, K; = a. Two other 
methods of connecting a triode are possible. Fig. 2 shows a triode with a common 
emitter. This is characterized by large input and output resistances. Input and 
output voltages are of the opposite phase. This circuit gives the largest amplifi- 
cation. The factor K; for R, = 0 has the value 


1—a* 


4 
— Je 

U, 
A U, 


FIG. 3. p-n-p triode in a common 


collector network FIG. 4. Four-terminal network 
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Since normally a> 0.9 K;, is large, this circuit is mainly used for flat ap- 
paratus. In Fig. 3 we see a circuit with a common collector. It has high input and 
low output resistance. The current gain for R, = 0 is 


Omitting discussion of the processes occuring inside the triode we can con- 
sider it as an active four-terminal network, whose diagram is shown in Fig. 4. 
To describe the influence of such a four-terminal network on the external net- 
work it is necessary to know four quantities: input (U,) and output (U,) voltages, 
and input (/,) and output (/,) currents. Obviously, we can consider any two of 
these quantities as independent variables, and two other as dependent, which are 
determined by the independent variables and by the parameters of the four-terminal 
network. 


We assume that U, = f (/,) and U, = f (/,). A change in the current by A /, 
and AJ, will cause a change of voltage AU, and AU,, hence 


AU, = Sp Al, +5) Al: (1) 


AU, = Al +572 Al,. A (1a) 


If we assume that changes of currents and voltages are small in comparison with 
values U,, U,, 1,, 1,, and this is valid for low signal levels, then the assumption 
of the linear dependence of AU,, AU, on Al,, and Al, is justifiable; consequent- 


ly 


OU, OU gone OCT sug, Oy me 
Chia. CIF Ca ae er ee 
Then equation (1) will be: 
AU, =Z,,Al, + 2,41); (2) 
AU, = Zp, AI, + AZ go/. (2a) 


These four resistances determine entirely the behaviour of the triode in a cir- 
cuit. There is no difficulty in finding these resistances by direct measurement. 
Using the values of these resistances and solving the equations for the four- 
terminal network, we can determine the current and power gain of the triode in 
any circuit in which it may be connected. 


To find the value Z,, it is necessary that /, should be equal to zero, i.e. it 
can be measured with the open circuit output. To determine Z,,, we measure 
AU, and Al, with the open-circuit input. In exactly the same way, having mea- 
sured AU,, Al,, and Al, with the open-circuit input and short-circuited output, we 
can determine Z,, and Z,,. Therefore, this network is called a network of no- 
load operation, or briefly, a network of Z-parameters. lis disadvantage consists 
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in using the short-circuited output. But usual conditions of operation are near to 
short-circuit conditions at the output, since the collector junction resistance is 

large in comparison with the load resistance. Moreover, at high frequencies, the 

collector capacitance becomes appreciable, and it is difficult to realize no-load 

conditions. It is more convenient to use a network of admittances, determined by 
the following equations of the four-terminal network. 


AT, = y,,AU + YogAUy; 
ATy = Yo, AU, + YogAUg. 


To determine y parameters it is necessary to make AU, and AU, alternately 
equal to zero, i.e. to produce short-circuit conditions; this method being very 
convenient for high frequencies. This system of parameters is called the short- 
circuit system or the system of y parameters. Its disadvantage consists in using 


a short-circuit at the input, and this does not correspond to the actual condi- 
tions in the working of a triode. 


Obviously, it would be convenient to choose such parameters in such a way 
as to measure them in conditions of the open-circuit input and short-circuited 
output. For this purpose, using the assumed linear relationship of currents and 
voltages, we estblish the following two equations of the four-terminal network. 


AU, =A,,J, + h,,AU,; 
AT, = hy I, + hy,AUp, 


where h,,, h,,, h,, and h,, are coefficients of proportionality. Such a system is 
very convenient since to determine the coefficients we have to produce condi- 
tions of open-circuit input A/, = 0 and of short-circuited output AU, = 0; and 
these conditions are similar to the conditions of the normal working of the triode. 
Moreover, these parameters have a quite definite physical meaning: 


h,, is the input impedance with output short-circuit; 

h,, is the voltage feedback ratio; 

h,, is the current amplification with output short-circuit; and 
h,, is the output admittance with input open-circuit. 


The most widely used triode made by our industry for low power radio networks 
is the triode model P-6. Its construction is shown on Fig. 5. This triode is a 

p-n-p type amplifier; it is made by fusion of indium into a germanium lamina of 
dimensions 2.3 x 2.3 mm. The original germanium has resistance of 1 — 22 cm 
and a diffusion length > 0.4 mm. 


This triode is made in five types. Limiting operation values of these triodes 
are given in Table 1, and their basic electrical characteristics in Table 2. 
In Table 2 electrical data are given for normal operation conditions in a network 
with a common base. 


For calculation of the output cascade stage it is necessary to know the in- 
put and output triode characteristics. 
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TABLE 1. Limiting values of the triodes model P -6 at t = 20°C. 


Parameters 


Collector voltage with respect to 
the base U, max with, = 0 


NDR 8 Gh cock is eee —30 
Collector voltage with respect to 

the emitter U“ 
Ret ccc setae ~20 
Reverse emitter voltage 

U with U; = 0 
Ce vem tad ate —30 
Collector current], (mA) ..... 50 
Emitter current (with U, = 5 V) 
Gre and Son one eee eee ae 50 
Junction temperature t; (C) ... >100 


] 
Collector dissipation P 


0 © @ 0 6 6 6 © oe 0 0 © 6 6 © © 6 


TABLE 2. Fundamental electrical characteristics of the triode model P-6 
for t = 20+ 5°C in the common base network. 


Parameter P6E 
Output admittance (with input 
open-circuited) h,, (MQ)...... 0.7 
Current amplification (with out- 
put short-circuited) h,, ...... 0.97 
Input insistance (with output 
short-circuited)h,, (Q) ...... 27 
Voltage feedback ratio (input 
open-circuited) h,,x 10% ..... 2.0 
Collector capacitance C,(pF) . . 30 
Collector reverse current 
Ty, PA) cee eee ee eee 3 
Emitter reverse current 
LeOCAY ere, EA ier, 
Temperature rise R; (°C/mW) 0.3 


Fig. 6 shows average input characteristics of the triode model P6D for 


U, =—5 V with indication of possible deviations from mean values, and Fig. 7 


shows output characteristics for the same group of triodes. 
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temperature of the 
triode frame 


not over 50°C (W) 


Coefficient of non- 
linear distortion 


‘bd [epow spon umtuewI9d ye]J ei JO OlSTIaJOBIBYO OLMoaI[o [BJUoWepUNY "E WTUVL 


se 


Transistor amplifiers of the alloy type 139 


\Y 
WEBS 


oO 


HT 
i BN i 


Pell AP 


HL 
So SEO 


eS 


s 
* 
2 


FIG. 5. Germanium triode, model P6. 
1 — collector electrode; 
2 — germanium crystal; 
3 — emitter electrode; 


4 — housing; 
5 — collector; 


6 — base; 
7 — emitter 
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FIG. 6. Input characteristics of the P6G 
triode for U, = — 5V in a common emitter 
network 

— averaged parameters; 
—-—-—minimum and maximum parameters. 


FIG. 7. Averaged input characteristics 
of the P6G triode in a common emitter 
network. 
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FIG. 8. Voltage drop caused by the 
electron current. 


1 — lines of the electron current in the 
base; 

2 — emitter; 

3 — base contact; 

4 — collector. 
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FIG. 9. Germanium triode model P-4 
1 — housing; 


2 — dise; 

3 — lead; 

4 — black paint; 
5 — flange; 


6 — junction; 
7 — washer; 

8 — insulator; 
9 — tube. 


Powerful semiconductor triodes 


The increase in power of triodes plays an important role in widening the 
scope of the application of semiconductor instruments. This problem, however, 
meets with many serious limitations; because of this, it has yet not been pos- 
sible to produce a triode of more than 100 W dissipation without forced cooling. 


The main difficulty in making powerful triodes is non-uniform current dis- 
tribution in the emitter. This can be explained thus: in the p-n-p triode base 
there is always, besides the hole current, flowing from the emitter and reaching 
the collector, an electron current as well, caused by recombination of holes in 
the base. This current flows in the direction from separate points of the base to 
the base contact and is parallel to the surface of the emitter. Since germanium 
has a sufficient resistance, this current creates an electric field in the base 
directed from the centre to the periphery. lines of the electron current in the 
base and the drop in the voltage caused by the current are shown in Fig. 8. 
Under the influence of this field, holes leaving the emitter are pushed towards 
the periphery. In consequence, non-uniform emitter current distribution occurs. 
This phenomenon causes the lowering of the current gain in the triode. 


The larger the diameters of the emitter and collector, the more important 
this becomes. Therefore, although increasing the power of the triode, we cannot 
at the same time considerably increase the electrode diameters for improving 
conditions of heat dissipation in the collector junction. 


Using germanium with a longer life expectancy, and thus lowering the base 
current and bringing the emitter efficiency nearer to unity by subsituting special 
alloys for indium, we can reduce the value of the electron current and, con- 
sequently, reduce the non-uniformity in the emitter current distribution. 
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Industry produces powerful triodes of the P3 type with dissipation 3.5 W, 
of the P201 type with dissipation 10 W and of the P4 type with dissipation 25 W 


as well as other models. 


Fig. 9 shows the construction of the P4 triode. Its fundamental electrical 
parameters are given in Table 3. 


To increase the emitter efficiency, an alloy of indium with 1 per cent of 
gallium is used instead of indium. Since gallium has a coefficient of separation 
100 times greater than indium, the addition of 1 per cent of indium reduces the 
resistance of r-germanium, formed after recrystallization, by one half. To reduce 
the recombination rate in the base, ordinary n-germanium is used with diffusion 
length not less than 1.2 mm. 


With the elimination of factors producing non-uniform current distribution in 
the emitter, the production of the alloy triodes with dissipation up to 100 W is 
now possible. 


Translated by S. Szymanski 


A STUDY OF THE SYNCHRONIZATION PROCESS IN COMPOUND 
EXCITED MOTORS * 


V.L. INOSOV and V.E. KRUTIKOVA 


(Received 7 February 1957) 


In the processes of starting and synchronizing a synchronous motor, the major 
role is played by the damping cage, the design of which must be based on ana- 
lysis of the motor synchronization process. The present paper gives the results 
of a study of the synchronization process in compound excited motors [1,2]; they 
may also be extended to other types of compound synchronous motor. 


The motion of the rotor of a synchronous machine is described by the non- 
linear differential equation: 


M D(6b, 8’ 
~ orp POT) ot p88) = Py, () 
where 
5 is the angle of lag of the rotor; 
M is the constant of inertia of the rotor, in sec; 
D is the damping coefficient in relative units, which is a function of the 
angle and its first differential; 
P, is the electrical torque of the machine (stator) in relative units, this 
depending on the angle and its differential; 
P, is the load on the machine shaft; 
® is the angular speed of rotation of the machine. 


A study of the synchronization process in a motor involves analysis of this 
equation in the range where the machine is slipping slightly; except for the method 
of numerical integration, this analysis can only be carried out by studying the 
trajectory of the motion in the phase-plane. 


Two methods are known for carrying out such an investigation: the isocline 
method [3, 4] and the construction of separatrices [5, 6]. Both methods are not- 
able in that they are comparatively very laborious. Thus, in the isocline method 
it is necessary to seek and plot the geometrical locations of points of equal slope 
on the integral curves, whereas the separatrix construction involves calculating 


* Elektrichestvo No. 2, 56-59, 1958[Reprint Order No. EL53]. 
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successive intervals by the trajectory method, and therefore takes up a consider- 
able amount of time. 


In the present investigation, the co-ordinate grid method was used. The cons- 
truction of integral curves by this method is carried out as follows. Writing 
5’ = d6/dt = y, we find from equation (1) the tangent of the angle of slope of 
tangents to the trajectory of rotor motion on the phase-plane:- 


pee ree Syne [Po — Pe (S, y)] a D (8, y) 


db My pees NA (2) 


For the various points on the phase-plane lying at the corners of the co- 


ordinate grid (5;, y;) the values of tan a; are determined and plotted on the plane 
in the form of arrows (Fig. 1). 


Approximate rotor-motion trajectories are constructed, in accordance with 
the slope of the arrows; the shape of the curves provides a qualitative solution 
to the problem; i.e., it establishes whether the motor will get into synchronism. 
Since the direction of slipping does not reverse between the moment of starting 
and that of reaching synchronism, it is sufficient to construct the trajectories 
in the lower half-plane only. The synchronization criterion for a motor is the 
reduction of rotor slip after one complete pole-pitch has been slipped (in the 
range of small degrees of slip); i.e. the reduction of the absolute value of y at 
the end of an interval (7; — 7) as compared with its value at the start of the 
interval. 


Trajectories of rotor motion, constructed by this method and calculated by 
the successive interval method, using an electronic computer, agree reasonably 
well. 


The completeness and carefulness of an analysis of the synchronization 
process are determined by the degree to which other factors influencing the 
damping coefficient and the electromagnetic torques P, of the machine are taken 
into account. However, the attempt to take into account all the factors involved 
in the complicated synchronization process in compound excited motors in gene- 
ral would have no practical significance, because of the immensity of the task. 
Thus, for a start, calculations were made to elucidate the magnitude of the ef- 
fects of various factors on the synchronization process, so as to decide which 
factors could be neglected. The conclusions reached were checked by experi- 
ment. As a result of the preliminary calculations and experimental work it was 
established that one could ignore the saturation of the machine and the presence 
of valves in the rotor circuit, since the test showed that in the compound excita- 
tion circuit the rotor current does not change direction during synchronization. 
The transient process on switching the motor on to the rectifier was also ignored. 
The effect of the remaining factors was accounted for as follows. 


The relationship between the damping coefficient and the angle of rotor lag 
and slip was taken in accordance with the Zhdanov formula [7]: 
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The electrical torque P, of the machine was determined as the sum of three 
terms taking into account the reactive moment of the machine, the effect of cur- 
rents induced in the rotor winding, and the synchronous moment (allowing for the 
active resistance of the stator) respectively; thus: 


SF el Sd ro (4) 
P.,=U? xy sin 28; 


P = U2 Fy Xy (Tq)? 


5 8: 5 
e2 9 x4 TOT, 3 in2 x ( ) 
; E,U 
P= a sin @ aes ee sin (8— ' 
a Vr x2 + Vr + = ( *) (6) , 
x4 


— 90° — tan 2 _& 
where a= 90 sng deere: 
The existence of a series component of excitation in the circuit of normally- 
adjusted compound excited motors, with and without regard to the angle of lag 
of the rotor in respect of the rotor current in relation to the damping cage was cor- 


respondingly taken into account by introducing the relationship between the e.m. 
f. Eg and the angle 6: 


E,=s[(1-+2)+(1 —n)cos3]U: (7) 


Ee=7l[(l +a) + —m eee Us (8) 
Vi+ (ry) 
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FIG. 1. Trajectories of rotor motion, calculated by the co-ordinate 
grid method for a motor of the following parameters:- 


% = 1.6; Kg = 0.312; Kg = 0.95; M = 1.27 sec; Tq = 0.08 sec. 


Where n — is the ratio of the growth of e.m.f. Ey to the series component of 
excitation, as angle 5 varies from 0 to m: 


1 
V +077 


) = cos ™ 


The value of n is determined by the compounding coefficient K and the syn- 
chronous reactance x J: 


Xath 
r= : 


From equations (3) to (8) it follows that the expression for tan a can be 
written as a sum of the form: 


tana =F, (y) F, (8), 


where F, (6) are simple trigonometric functions. 


Values of F (y), calculated for any y value whatever, remain invariant as 
angle 6 varies; these calculations are thus not laborious and can be completed 
in a short time. 


From a comparison of rotor motion trajectories calculated for a series of 
cases, it could be established that lag in the change of magnetic flux in the rotor, 
relative to the change of excitation current due to the present of compounding, had 
an adverse effect on the conditions of synchronization of the machine, since it is 
equivalent to negative damping. This deduction was confirmed by experimental 
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tests which showed that, in the presence of compounding, a machine which falls 
out of synchronism is very rapidly retarded almost to a standstill, whereas with 
constant excitation it either pulls itself back periodically into synchronism or 


rotates asynchronously with a small amount of slipping. 


Synchronization conditions are also adversely affected by active resistance 
in the stator circuit, and if the latter is considerable, there is an optimum level 
of excitation for synchronization of the machine. 


The existence of an optimum level of excitation is confirmed by the oscil- 
lographs shown in Fig. 2. The motor gets back into synchronism in the very 
first cycle of oscillation (Fig. 2a), at a certain value of excitation current. At a 
lower excitation current the motor does not get into synchronism. As the exci- 
tation current is increased the synchronization time is extended (Fig. 2b), and 
at a still higher excitation current, synchronization is not achieved (Fig. 2c). 


The effect of the active stator resistance on the synchronization process of 
the machine and the optimum excitation level can also be established analytical- 
ly. Let the excitation (non-compounded) of the machine operate in a stable asyn- 
chonous condition. In this case the sum of the mean values of electromagnetic 
torques acting on the rotor must equal the torque due to the shaft load. The mean 
value of the torque P, is:- 


2 


1B 
P sete aa sin a 
e.m V+ 7 


and the torque at the motor shaft is: 


Ea 
P,»=D, 8-50 2, 
V r+x2 


where s is the slipping in the machine: 


V Px Zi 


The critical slipping, at which the machine will synchronize itself, is found 
from the well known Edgerton formula [8] : 


where n, is the synchronous speed of the motor; 


P inax = UEq/xq is the maximum motor power output; 


D2 is the moment of gyration of the motor; 
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f is the frequency. 


Substituting the value of critical slipping in the formula, we obtain the limit- 
ing power output for conditions of synchronization at the shaft of a synchronous 
motor (non-compounded), taking into account the effect of its active resitance: 


245 UE E’ 
Pa. = De per ee siti? (9) 
Unred nn %4fGD2 V7 as x 


Equating to zero the differential of this expression (with respect to Eq) and 
bearing in mind that sin a ~r/x_ we find that the maximum load torque at which 


synchronization is still possible will be for the value of Ey equal to 


On the basis of the work carried out it must be concluded that compounded 
synchronous motors should be synchronized with the compounding switched out. 
This eliminates the “negative damping” effect and reduces the active resistance 
of the machine. If a compound excited motor is synchronized with the compound- 
ing in action (which simplifies the starting device), then, as the phase-plane 
studies and the experimental tests have shown, in this case, to determine the 
limiting load torque for synchronization, it is also possible to use the Edgerton 
formula to find the correct level of compounding, accepting references [1, 2] to 
the effect that 


where a and b are coefficients defining the loss AP in the motor, as a function 
in the motor, as a function of the current /, according to the formula AP = /? + 6. 


This deduction has been checked experimentally and shows good agreement 
with experiments. Thus, a 3.6 kW motor, designed on the basis of an SG-4.5 
generator, came into synchronism at 70 per cent nominal load. In this case the 
maximum load torque found from formula (9), at which the motor can still be sy n- 
chronized, is 66 per cent of nominal. An 11.8 kW motor, designed on the basis of 
an MSA-72/4 generator, synchronized at 68 per cent of nominal loss, and the 


calculation from formula (9) gives the same value of the torque, namely 68 per 
cent. 


Translated by E.. Bishop 
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THE PERFORMANCE OF CURRENT-MEASURING TRANSFORMERS 
UNDER INCREASED POWER OUTPUT CONDITIONS * 


V.S. BURTAKOV and M.I. GLAZOV 


Moscow Power Institute 


(Received 8 October 1957) 


In the operation of protective relay circuits, at a variable actuating current, the 
current transformers operate with high load resistances under conditions which 
differ markedly from normal, since the circuit-breaker cut-out coils and the rapid- 
saturation transformers are usually connected to their secondary coils. The in-' 
ductances in the current transformer cores under such conditions are not hundreds 
of gauss, as under normal conditions, but reach 15 to 25 kG. Thus, the current 
transformer cores are highly saturated and the magnetization current is sharply 
increased, resulting in a noticeable drop in the secondary current, i.e. in an 
increased error. This refers particularly to built-in current transformers with 
small transformation ratios. Reduction of the secondary current also results in a 


relative reduction of the power output of the transformer. 


The power output of a current transformer depends on both the value of the 
current passing through the transformer and the value of the load resistance. For 
each current value a load resistance can be found which corresponds to maximum 
transformer power output. In particular, at currents of the order of the nominal 
rating, this maximum occurs at load resistances of the order of 1 Q. 


In cases when the cut-out coils of the circuit-breakers are connected in 
series with the relay (on the main cores of the current transformers), it is neces- 
sary, for calculation of the relay setting, to know the transformer errors when 
their power output is near maximum. These errors must also be known in the 
design of circuits with rapid-saturation current transformers, which are in the 

open circuit condition and thus have high resistances at the instant when the relay 
operates. 


The present paper considers the stabilizing conditions of current transformer 
operation and the conclusions which are of value in the calculation of protective 


circuits with an operation time which is sufficient for attenuation of the transient 
process in the current transformer. 


* Elektrichestvo No. 2, 59-61, 1958 [Reprint Order No. EL 54], 
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A current transformer can be replaced by 
an equivalent non-linear resistance Z, (Fig.l), 
the value of which is determined so as to cor 
respond to the dynamic magnetization curve. 
The source of supply to the current trans- 
former can be regarded as a source of infinite 
power and the secondary winding resistance 


FIG. 1. Simplified equivalent circuit 


can be i i in circui rati 
fer Gacanieensionaan gnored, since in circuits on operative 


a.c. it is much smaller than the load resistance. 


In the calculations, errors in the current transformer angle are usually ignored, 
since, as experiments show, with the normal inductive load on protective relay 
circuits this error is small. Curves of power output against load resistance are 
constructed for various values of primary current. From these results are found 
the maximum values of power output for the transformer, and the optimum load 
resistances and errors corresponding to these outputs. 


If the magnetic flux in the transformer is sinusoidal, the transformer power 
output can be expressed mathematically by the following relationship:- 


S=U,I,= BH,, : (1) 


where B = U, is the amplitude value of the inductance, found from the dynamic 
magnetization curve; 


H __/22 is the partial secondary magnetic field intensity (w, is the number 
ee of turns in the secondary coil; L,, is the mean length of the mag- 


netic path). 


We denote the partial primary magnetic field intensity by the value 


Tw 
H,=—-4 ie 
m 


where w is the number of turns in the primary winding of the current transformer. 


Since H,=H,— HH), (2) 


we find that the power output S to the load is proportional to the shaded rectan- 
gular area in Fig. 2. 


It can be seen from Fig. 2 that for a fixed value of primary intensity H,, as 
the inductance increases, the power output of the transformer first increases and 
then falls, reaching zero at H, = H,. 


The maximum power output value is found from the condition:- 


Taking (1) and (2) into account, we obtain 
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Introducing the following rotations:- 
osnae the differential magnetic permeability; 
Ya diy 
. = a the nominal magnetic permeability, 


we find the optimum value of intensity 1) corresponding to maximum power output 
at a given value of H;: 


1 
opt = A, 


(4) 


where py opt and pg opt are the magnetic permeabilities 
for He = Hes opt 
To construct this relationship (Fig. 3) it is necessary to postulate Ho. ope 
values, to find on the magnetization curve the corresponding values of HH opt. 
and #§ opt, and to calculate the value of A. 
It can be shown that the optimum load resistance is proportional to the tan- 


gent of the angle of slope of the tangent to the magnetization curve at the point 
corresponding to maximum S. Actually, from equation (3), we can obtain: 


=f =e. 5) 


The error of a current transformer at maximum power output can be found 
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FIG. 3. Relationship between Ho. opt and H, for a type 
TPF-10 current transformer (core 0.5). 


o 8&8 8§ & § & 8 Se 


ai 1 10 100 (A/cm) 


FIG. 4. Error of type TPF-10 current transformer 
(core 0.5), under maximum power output 
conditions. 


from formula (4), taking into ac- 
count the fact that the ratio of the 
currents shown is equal to the ratio 
of the corresponding intensities:- 


100 


4: » H. opt ; 
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The character of the relation- 
ships between LH opt.» PS-opt: 
and the intensity H, is determin- 
ed by the relationship 6 = f (A,). 
In the initial part of the magneti- 
zation curve HSopt. increases 
more rapidly than HH, opt.and there- 


fore as H, increases the transformer error increases (Fig. 4). The maximum error 


(5 = 60-70 per cent) corresponds to the part of the magnetization curve which can 
be normally replaced by a parabola (B = 10 to 10°G). When the field strength is 
increased further, j15,,,,increases more slowly than py ,,,, and correspondingly 
8 starts to fall. Reduction of the error continues also after passing the HSopt. and 


HH opt. Maxima, since p§opt, falls more rapidly than wy op;, At high values of 
intensity the error increase again (not shown in Fig. 3), reaching 50 per cent in 


the limit. 


Current transformers in protective relay circuits on operative a.c. operate 
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within definite limits of inductance value. At currents near the nominal rating the 
inductances under maximum power output conditions have values of the order of 
10‘G and the errors for various transformer designs are within the range of 20 to 
30 per cent. At high currents, the errors under maximum power output conditions 
fall to 10 per cent. The inductances to which corresponds the subsequent in- 
crease in errors up to 50 per cent are considerably in excess of the inductance 


values at which current transformers operate. 


Thus the previous opinion, regarding the high values (of the order of 50 per 
cent and more) of the errors of current transformers operating under maximum power 
output conditions, must be regarded as incorrect. 


Translated by K. Bishop 


A STUDY OF THE EFFECT OF NOZZLE PARAMETERS ON 
ARC EXTINGUISHING BY A COMPRESSED AIR JET * 


R.A. MIKAELIAN 


(Lenin All-Union Electro-technology Institute) 
(Received ] March 1957) 


The present paper gives results obtained in an experimental investigation of arc- 
extinguishing nozzles of various designs made from insulating and conducting 
materials. In order to obtain a clearer picture of the characteristics of various 
arc-extinguishing jets, these investigations were carried out in a model arc- 
extinguishing chamber with a lateral blast. 


The chamber contained 0.2 g of air compressed to 1.5 atm. Air from the 
chamber flowed through the nozzle for a period of 0.016 sec. The diameters of 
the fixed and moving arc-extinguishing contacts were 16 and 10 mn, respective- 
ly. The contacts were of copper. The value of the restoring voitage (effective 
value) at the opened circuit-breaker contacts was 6 kV. The frequency of self- 
oscillation in the short-circuit loop was 20,000 c/s. 


It was established experimentally that the relationships obtained on the 
model between the nozzle parameters and the magnitude of the current which 
can be broken can be increased proportionately and thus extended to actual 
circuit-breakers. 


Comparison of nozzles made from ceramic materials showed that “cardioride” 
nozzles were the most arc-resistant. During repeat experiments the working sur- 
face of this nozzle became gradually coated with a vitreous conducting mass. 
After approximately fifty breaks at a current of 400 A, the nozzle cracked and 
ceased extinguishing the arc. Nozzles made from other ceramic materials could 
only break the circuit for a smaller number of times. 


Marble nozzles survived fourteen to sixteen breaks at a current of 400 A 
after which arc-extinguishing capacity was rapidly lost. 


When nozzles were made of conducting materials it was found impossible to 
carry out more than six or seven breaks, after which the working surface of the 
nozzle built up, preventing the moving contact from passing into the nozzle any 
longer. 


* Elektrichestvo No. 2, 61-63, 1958 [Reprint Order No. EL 55]. 
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FIG. 1. Plexiglas nozzle of optimum arc- 
extinguishing capacity. 

l. nozzle; 

2. moving contact; 

3. fixed contact; 

4. direction of compressed air flow; 

5. stagnant region. 
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FIG. 2. Plexiglas nozzles, studied for arc- 
extinguishing capacity. 
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FIG. 3. Relationship between current 

which can be broken and internal dia- 

meter of cylindrical section of nozzle. 
(open circles — arc not extinguished) 
(black circles — arc extinguished) 
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Nozzles made from materials which evolve gases under the influence of the 
high arc temperature wore out after twenty to thirty breaks at a 400 A current, 
with a large amount of soot deposit. 


Nozzles as shown in Fig. 1 were found to be very durable. A nozzle of this 
type made of plexiglass has a considerably greater arc-extinguishing capacity 
than other nozzles investigated (Fig. 2), which were made of more heat-resistant 
materials than plexiglass. 


The basic parameters of nozzles (Fig. 1) are: the angle a of the conical fun- 
nel, the internal diameter d, of the cylindrical section of the nozzle funnel, the 
radius of curvature r of the nozzle edge and the position of the fixed contact 
above the nozzle. We shall consider each of these parameters individually. 


It was established experimentally that the most successful arc extinction 
takes place in the case when at the very start of extinction the air flow is de- 
termined by the area of the nozzle opening and not by the area of the annular 
gap between the moving contact and the nozzle. To ensure this condition it is 
essential for the angle of the conical section of the nozzle to have the maximum 
possible value. In order to avoid mechanical breakdown of the tip the angle taken 
was a = 120°. If nozzles are made from mechanically stronger material, this angle 
can be increased. 


The internal diameter of the cylindrical section of the nozzle is selected in 
such a way that the area of the annular section between the moving contact and 
the inner nozzle wall is not less than that of the nozzle exit opening. This con- 
dition follows directly from the experimental curve shown in Fig. 3. The curve 
shows that the maximum value of the current which can be broken at a nozzle 
exit opening diameter of 10.5 mm is reached when the internal diameter of the 
cylindrical section of the nozzle is 16 mm. As this diameter is reduced, the arc- 
extinguishing capacity of the nozzle falls sharply. Increase of the internal dia- 
meter of the cylindrical section of the nozzle beyond 16 mm has comparatively 
little effect on the arc-extinguishing capacity. 


The radius of curvature of the nozzle tip has a substantial influence on the 
magnitude of the current which can be broken. The results of tests with varying 
radii of curvature in the range from r = 0 to r= 5 mm, at a constant value of 
16 mm for the internal diameter in the cylindrical portion of the nozzle, are shown 
in Fig. 4. 


This relationship, showing that as the radius of curvature of the nozzle tip 
is reduced the arc-extinguishing capacity is improved, does not agree with the 
results of investigations by a number of other authors. In particular it has been 
shown that the breaking power of a nozzle which is good from a streamlining 
point of view and free from eddying is better than that of a nozzle with sharp 


edges [1]. 


It might be supposed that a nozzle with sharpened edges could not undergo 
any large number of breaks, since the edge sharpness will reduce the already low 
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heat resistance of the nozzle material, (the decomposition temperature of plexi- 

glass is about 150°C). However, experiments did not confirm this supposition, as 
Fig. 5 shows: as the radius of curvature of the edge is increased, the number of 

successful breaks is reduced. 


The nozzle 6hown in Fig. 1 was able to break currents at short circuit values 
of the order of 4 kA (Fig. 6). The high arc resistance of a nozzle with sharp edges 
can be explained on the grounds of the formation of air eddies which, encircling 
the sharp edge, protect the latter from destruction by the incandescent arc gases. 
The positive effect of sharp nozzle edges on the magnitude of the current which 
can be broken may also be explained by the tearing from them of streams of cold 


air into the arc column which must substantially increase the intensity of the cool- 
ing effect. 


On the basis of the results presented, it can be confirmed that improve- 
ment in the arc-extinguishing properties of nozzles made from insulating materi- 


als and extension of their service life can be obtained by using nozzles with 
sharp edges. 


A relationship was also found by experiment, between the magnitude of the 
current which can be broken and the distance between the fixed contact and the 


nozzle. The maximum current-breaking value corresponds to the optimum dis- 
tance hope. = 2.7 mm. 


In this case the area of the nozzle exhaust opening f, = 7d?/4, and the area 
of the cylindrical surface f,= 7 d, h, through which the air enters the nozzle, 
are equal. Here, it is assumed that the area of the annular section f, = (7/4). 
(d? — d?) exceeds both these values. 


If the distance between the fixed contact and the jet is below the optimum, 
then f, is the critical area. Since in this case f, < f,, the air flow through the 
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nozzle is reduced, lowering the value of current which can be broken (Fig. 7). 


If the distance is increased beyond the optimum, f, becomes the critical area. 
This results in a fall in the radial component of the air stream velocity and so 
in a reduction in the penetration of cold air particles into the arc column. As a 
result, the arc is less intensely cooled. Moreover, in this case, there is a con- 
siderable increase in the “stagnant” region of incandescent gases (Fig. 1), which 
reduces the electric strength between the contacts. 


This work was carried out under the direction of Prof. G.V. Butkevich, to 
whom the author extends his sincere thanks. 


Translated by E.. Bishop 
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